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Rare Earth Element Recovery from Phosphogypsum using a Biolixiviant 
Abstract 
This project describes the process of recovering of rare earth elements (REE) from phosphogypsum (PG) 
waste using a novel biolixviant produced by a bacteria strain known as Glucanobacter oxydans and is 
inspired by novel research occurring at Idaho National Laboratories. This report details design of a plant 
which has the capacity to produce the biolixiviant through fermentation, use this biolixiviant to leach REE 
from a solid waste such as PG, and recover the REE in oxide form through crystallization, filtration, and 
subsequent high temperature decomposition. The plant has the capability of processing nearly 1 million 
MT of PG a year and yields 286,000 kg of a rare earth oxide (REO) mixture, valued at approximately $9 per 
kg. As it stands, this process is unprofitable: it has a negative internal rate of return after 15 years of 
production and has a NPV of negative $147,664,900. In its third year of production, operating at 91% 
capacity, the plant has a -21.17% ROI. An alternative design is considered where fermentation is cut and 
H2SO4 is the lixiviant, removing 79% of the original capital necessary to create the plant. Though still 
negative, the IRR/ROI are much more sensitive to changes in product price, thus opening a potential path 
to profitability in the near future as prices are expected to increase. 
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Letter of Transmittal 
 
University of Pennsylvania, School of Engineering and Applied Science 
Department of Chemical and Biomolecular Engineering 
220 South 33rd Street 
Philadelphia, PA 19104 
April 21, 2020 
Dear Dr. Bomyi Lim and Professor Bruce Vrana, 
The following report contains the design for the recovery process of rare earth elements 
(REEs) from solid wastes using biolixiviants. The proposed design uses a biologically sourced 
lixiviant produced by the bacteria strain Glucanobacter oxydans to extract the REEs in aqueous 
solution from phosphogypsum (PG). The use of the gluconic acid (GA)-based biolixiviant 
showed greater leaching efficiencies than the traditional inorganic acid lixiviant.  
 
It is believed that the demand of rare earth metals will increase not only because of the 
increasing demand in devices that require REEs for manufacture, but also due to the fact that 
REEs cannot be substituted by other elements and have a low recycling rate. Considering the 
limited REE exports by China, which dominates the global production of REEs, the market for 
rare earth metals is very promising. 
 
The proposed process design includes the fermentation process which produces the 
biolixiviant, the extraction of REEs from solid wastes, as well as their recovery in mixed oxides 
solids form. The plant processes nearly 1 million metric ton (MT) of PG and produces 286,027 
kg/year of rare earth oxides (REO). 
 
Based on the result of profitability analysis, it was found that this design is largely 
uneconomical with a negative IRR and ROI, which are unsensitive to changes in rare earth prices 
due to large capital costs associated with fermentation. An alternative profitability analysis of a 
hypothetical scenario where fermentation is cut from the design and H2SO4 is the lixiviant shows 
much promise.  
 
Sincerely, 
 
Angelica Padilla 
 
Andreea Pana 
 
Roshan Patel 
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1. Abstract 
This project describes the process of recovering of rare earth elements (REE) from 
phosphogypsum (PG) waste using a novel biolixviant produced by a bacteria strain known as 
Glucanobacter oxydans and is inspired by novel research occurring at Idaho National 
Laboratories. This report details design of a plant which has the capacity to produce the 
biolixiviant through fermentation, use this biolixiviant to leach REE from a solid waste such as 
PG, and recover the REE in oxide form through crystallization, filtration, and subsequent high 
temperature decomposition. The plant has the capability of processing nearly 1 million MT of 
PG a year and yields 286,000 kg of a rare earth oxide (REO) mixture, valued at approximately 
$9 per kg. As it stands, this process is unprofitable: it has a negative internal rate of return after 
15 years of production and has a NPV of negative $147,664,900. In its third year of production, 
operating at 91% capacity, the plant has a -21.17% ROI. An alternative design is considered 
where fermentation is cut and H2SO4 is the lixiviant, removing 79% of the original capital 
necessary to create the plant. Though still negative, the IRR/ROI are much more sensitive to 
changes in product price, thus opening a potential path to profitability in the near future as prices 
are expected to increase. 
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2. Introduction 
2.1 Project Origin 
Rare earth elements (REE), which include the lanthanides and elements yttrium and 
scandium, are essential components in technologies used for modern day computing, 
communication, energy generation and storage, digital displays, and chemical catalysts. Since 
the turn of the 21st century, world production of REEs has increased by more than 110% to 
match their increased demand in many technologies, driven particularly by the advent and 
proliferation of smartphones and televisions. 
China has dominated the production of REEs, supplying over 90% of the world’s yearly 
produced REEs from 1998 to 2016. The main reason behind this domination lies in the fact that 
Chinese mining industries have unparalleled access to cheap labor, are subject to relatively lax 
environmental regulations, and are in proximity to an estimated 30% of the world’s REE 
reserves. Unfortunately, such a monopoly on production has allowed the Chinese to 
unilaterally control the prices of REE, introducing a great deal of volatility in the market. 
Though prices have since stabilized, many countries including the United States remain wary of 
Chinese market dominance and have since invested in REE extraction technologies of their own. 
Figure 2.1. Uses of REEs in cellular devices (left) and REO powders (right) 
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The Department of Energy (DOE) and the National Energy Technology Laboratory’s (NETL) 
have begun an initiative called the “Feasibility of Recovering Rare Earth Elements” program, 
whose major focus is to pursue technologies that allow for the economic and commercial scale 
recovery of REEs while minimizing environmental impacts and resource consumption. 
Therefore, the possibility of extracting REEs from solid waste streams using a sustainably 
produced, environmentally friendly lixiviant is attractive in that it presents a potential avenue the 
U.S could take to reduce its foreign dependence on REEs. 
 
2.2 Project Goal and Scope 
In the past few years, researchers at Idaho National Laboratories have shown the promise 
of using a biolixiviant, produced by a heterotrophic bacterium Gluconobacter oxydans, in 
leaching REEs from solid waste streams such as spent fluidized catalytic cracking (FCC) 
catalysts and waste PG produced by the fertilizer industry. The goal of this project is to develop a 
large-scale, detailed process design of a REE leaching operation from PG that includes the 
production of the bioliviant and the recovery of REE as rare-earth oxides (REO) in a mixed 
stream and to perform an in-depth economic analysis which assesses the viability of such a 
process. In addition, this report addresses choosing adequate location for such an operation, 
strategies to manage wastes generated from the process, and provide a preliminary assessment on 
the difference between using the biolixiviant and conventional extraction agents such as 
inorganic acids.  
2.3 Objective Time Chart 
Table 2.1 represents the general milestones we would like to reach by specific dates to 
ensure timely completion of this project. Generally, the task completed in January include 
gaining an understanding behind the motivation of our project, establishing a basis and goal for 
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production, and completing an initial profitability analysis. Much of February was spent 
finalizing the process units required for the operation, assembling a database for the materials 
involved in the process, and completing a base-case mass and energy balance for the process. 
During March, the team was able to revise plans and improve upon initial assumptions, as well 
as design the process units for the operation. With the process design competed, April was spent 
performing an economic analysis on the project and addressing the final two bullet points on the 
deliverables. 
Table 2.3. Schedule with expected completion dates of tasks 
Expected Completion 
Date 
Milestone 
2/4/20 Submit preliminary material balance and computer-drawn block 
flow diagram 
2/25/20 Submit base case material balance and computer-drawn process 
flow diagram 
3/24/20 Submit detailed equipment design for a key process unit 
3/31/20 Major equipment designed 
4/7/20 Finances completed 
4/14/20 Initial written reports due 
4/21/20 Revised written reports due 
4/28/20 Full day meeting - design presentation 
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2.4 Project Charter 
Project Name: Recovering Rare Earth Elements from Phosphogypsum Using a Novel 
Biolixiviant  
 
Project Leaders: Angelica Padilla, Andreea-Maria Pana, Roshan Patel 
 
Specific Goals: The goal of this project is to design a plant that produces a biolixiviant through 
the fermentation of Gluconobacter oxydans, uses the biolixiviant to leach REE from waste PG, 
and that recovers the REE in a mixed solids stream.  
 
Project Scope: 
In Scope: 
• Design a fermentation process that produces biolixiviant on a large enough scale 
to be used in leaching operation  
• Design the leaching operation for REE extraction from waste PG  
• Design a process which can recover the REE as solids from an aqueous form  
• Financial analysis including evaluation of cost, profitability, and cash flow 
 
Out of Scope:  
• Separation of individual REE in the final solid stream 
• Distribution of product to customer 
 
Deliverables: 
• A process design that includes a flowsheet showing the material balance, major 
equipment, and energy consumption for the total operation 
• A discussion of the scale and location chosen as the base design 
• A discussion of key design decisions, such as conditions for the bioreactor and recycle of 
biolixiviant to the extraction process.   
• A discussion of the safety considerations, and to the extent possible, characterization of 
wastes and their dispositions.  Consider issues such as: 
• Spent biological materials 
• Trace hazardous materials, including possible trace radioactive elements 
• Odor abatement, if open pit leaching is used 
• Wastewater disposal 
• To the extent possible, compare costs of recovery using biolixiviant versus conventional 
extraction using inorganic acids.  Conventional extraction would be determined from 
student literature study. 
 
Timeline 
A 15 year leaching operation 
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3. Market and Competitive Assessment  
3.1  Demand of Rare Earth Elements  
Since the 1960’s, rare earth elements have been increasingly integrated in the technologies 
that comprise our daily lives, playing essential roles in the displays that make up portable 
devices, the catalysts in the petroleum industry, materials in clean energy generation and storage, 
and components in computing and communication units. Therefore, within the following 
decades, as we saw a rise in the prominence in these technologies, particularly in petroleum 
refining and digital screens, so too did the demand for the REEs that play key roles in these 
technologies. Figure 4.1 provides perspective into how rapid the expansion of the REE market 
was, over just a few short decades and shows no sign of relenting.  
 
Amongst other REE, neodymium (Nd) and dysprosium (Dy) are most heavily relied upon in 
these clean energy technologies, particularly due to their role in creating permanent magnets. A 
single wind turbine requires an estimated 120 kg of Nd and 12 kg of Dy, and China, India, and 
much of Europe have active projects looking to expand their use of wind power for electricity 
Figure 3.1.1. International contribution to the rare earths market from 1950 to 2016 
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generation. Due to the international effort to expand use of clean energy technologies such as 
wind turbines and next generation catalysts, it is projected that the total production of REE will 
experience an overall 5% annual growth rate for the next 10-15 years, culminating in a projected 
315,000 metric tons for the year 2030. As such, the projected increase in demand is largely 
driven by these two elements, whereas demand for REE such as europium (Eu), terbium (Tb), 
and yttrium (Y), which play large roles in matured technologies such as lighting, is expected to 
stagnate and even slightly decrease by 2030. Table 4.1 briefly outlines the expected changes in 
demand for REE’s involved in clean energy technologies over the next 10 years with respect to 
today’s production. For REE’s not listed, there are no projected changes. 
Table 3.1.2. Expected changes in REE demand over the next 10 years 
REE: Ce 
Oxide 
Nd 
Oxide 
Eu 
Oxide 
Tb  
Oxide 
Y 
Oxide 
Dy 
Oxide 
Percent change projected for 
2030 relative to 2020 
33% 99.20% -16.60% -16.40% -17.20% 168.30% 
 
3.2 Meeting the demand 
Since the turn of the 21st century until about 2016, China has consistently produced at 
least 90% percent of the world’s REE. This trend largely stems from the fact that China has 
become the world’s leading site of manufacture and has created a large domestic market for 
REE, representing approximately 62% of total market consumption. In addition, China has 
access to the world’s cheapest labor force, is regulated by weak environmental policies, and is 
home to some of the world’s largest REE reserves, making it the ideal location for mining, a 
labor intensive and generally environmentally taxing process. Producing at such a massive scale 
relatively inexpensively, Chinese mines were able to sell REE at low prices compared to the rest 
of the world, driving many mining industries such as the US’ Molycorp into bankruptcy and 
furthering their market dominance. As a result, China possesses an extensive vertical 
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infrastructure capable of mining, efficient extraction, separation, and purification unparalleled by 
the rest of the world.  
Concerns have grown over China’s dominant position as a world REE supplier due to 
volatile prices and trade leverage. Shortly after the turn of the 21st century, the Chinese 
government restricted REE exports by enacting quotas which effectively decreased their exports 
from 65,580 metric tons in 2005 to 30,185 metric tons in 2011 and imposed tariffs on REE 
exports. As a result, the cost of importing a metric ton of REE to the U.S from China increased 
from $7,000 to $170,000, a resounding 2,400% increase. Within recent years, the U.S and 
Australia have begun investing in their own projects to recover REE to reduce their dependence 
on Chinese metals and retain stable REE prices. 
3.3 Our Product  
At the current rate of REE production and consumption, we have approximately 50 years 
left before our world which is dependent on REE-based technologies has completely depleted the 
entirety of its reserves. Therefore, improving extraction and separation processes, while still 
important, hold secondary importance to establishing a process which can recycle REE from 
waste streams and thus should be the focus of the industry today. Our product is a solid REO 
mixture, in which yttrium oxide has the highest concentration, of 35%. The exact composition of 
the mixture can be found in Appendix A.  
  
 13 
4. Customer Requirements  
N/A 
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5. CTQ Variables-Product Requirements 
N/A 
  
 15 
6. Product Concepts 
N/A 
  
 16 
7. Superior Product Concepts 
N/A 
  
 17 
8. Competitive Patent Analysis  
N/A 
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9. Preliminary Process Synthesis 
9.1 Fermentation Chemistry 
Gluconic acid is produced metabolically by various microorganism, including strains of 
bacteria and fungi. Out project charter was modeled after a study by Idaho National Labs that 
specifically used the strain NRRL B58 Gluconobacter oxydans (G. oxydans) that had been well 
studied and for that reason, we chose to investigate the production of gluconic acid using that 
strain of bacteria [4]. G. oxydans do this via their metabolic pathway that breaks down glucose 
either through non-phosphorylative, direct oxidation or by initial phosphorylation and then 
oxidation using the Pentose Phosphate Pathway [33]. Typically, gluconate, the aqueous ion form 
of gluconic acid, is further oxidized into 2-ketogluconate and 2,5-diketogluconate in the latter 
pathway using a membrane-bound enzyme gluconate-dehydrogenase [34]. However, when using 
initial glucose concentrations above 0.005 M, the production of gluconic acid makes the cell 
Figure 9.1.1 Scheme of glucose oxidation of G. oxydans. 
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culture continuously more 
acidic [33]. At pH between 2-5, 
along with the use of a 
modified Pikovskaya’s Broth 
that replaces calcium phosphate 
with CaCl2·7H2O and KH2PO4 
(refer to Appendix B for media 
specifications), the Pentose 
Phosphate Pathway is 
completely inhibited and 
gluconic acid begins to accumulate [35][36]. At this point glucose is still being partially oxidized 
using the former pathway, which uses gluconate dehydrogenase that is membrane-bound in the 
periplasmic space (Figure 9.1.1). Therefore, gluconic acid is produced in acidic conditions so 
long as a glucose source is available [36]. 
 This process can be simplified according to Figure 9.1.2 and was used to define the 
fermentation chemistry associated with biomass and gluconic acid production (Equation 1 and 2) 
[37]. Here you can see that the production of gluconic acid is stoichiometrically dependent on 
oxygen presences exclusively. 
𝐶6𝐻12𝑂6 +
1
2⁄ 𝑂2 → 𝐶6𝐻12𝑂6   (1) 
2𝐶6𝐻12𝑂6 + 2𝐴𝑇𝑃 + 2𝑁𝐴𝐷𝑃
+ + 2𝑁𝐴𝐷+ → 𝐶5𝐻11𝑂8𝑃 + 2𝐴𝐷𝑃 + 7𝐶𝑂2 + 2𝑁𝐴𝐷𝑃𝐻 + 2𝑁𝐴𝐷𝐻      (2) 
  
Figure 9.1.2 Simplified metabolic pathway in G. oxydans 
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9.2 Continuous versus Batch Fermentation  
Initially, the fermentation 
process was meant to be continuous, as 
that was presumably more economic 
based on the techno-economic analysis 
that our project charter was based on 
[4]. This study considered a continuous 
stirred tank reactors at four dilution 
rates (0.38, 0.25, 0.16, and 0.05 hr -1) 
and various initial glucose 
concentrations, though only data for 𝑆 = 0.22 𝑀 was reported as that resulted in the highest 
growth rate, which agreed with kinetic study previously mentioned [4]. It was expected that as 
the residence time in the reactor reached the reaction time predicted by the kinetic model (~ 8 
hours), glucose to gluconic acid conversion should reach 90.4%. However, as can be seen in 
Figure 9.2, even with a residence time over 20 hours, this conversion could not be achieved. 
Given that this study reported the glucose was the largest incurred cost and we wanted to 
eliminate unreacted glucose accumulation in out leaching process, we chose to refrain from a 
continuous design and instead use a batch process to ensure near 100% glucose conversion.  
9.3 Determining Reactor Limitations  
Our leaching process depends on a constant flow rate of 33,263 L/hr at 0.22 M gluconic 
acid in order to validate the leaching efficiencies quoted for the leaching process (see section 
10.3 for leaching efficiencies) [38]. Assuming a 5 % loss due to evaporation in the leaching 
process, the goal production rate becomes 35,013 L/hr. However, based on reformation reactions 
0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00
0.00 5.00 10.00 15.00 20.00 25.00
%
 G
lu
co
se
 c
o
n
v
er
si
o
n
Residence time (hr)
Figure 9.2 Glucose conversion in a CSTR using the following 
dilution rates of a 0.22 M feed: 0.38, 0.25, 0.16, and 0.05 hr -
1. 
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later discussed in the downstream process, we found that gluconic acid can be recycled in the 
REE recovery process. This implies a substantial start-up requirement, where the fermentation 
process needs to produce a batch volume large enough to sustain a constant stream out of 35,013 
L/hr at 0.22 M before the next batch would be made or dedicate some amount of time to 
accumulation, in order to have reasonable residence time in the heap pit. Thereafter, the amount 
of gluconic acid required is only 5% of the total volume contained within the different part of the 
leaching and downstream process.  
 The large disparity between the start-up gluconic acid amount and that which is needed 
on a regular operating year became the limiting factor. First, we considered making the gluconic 
acid start-up amount in full, as quickly as possible to begin leaching as soon as possible. This 
would either require several reactors in parallel (a large fraction of which would no longer be in 
use after the start-up period) or a reactor more than a magnitude larger than the greatest reactor 
size we were considering, based on a paper that cited 1,000,000 L as “hypothetically large 
reactor that may or may not exist today, representing a ceiling for what is likely viable from a 
design and operational standpoint” [4]. 
We then considered making a more concentrated solution and diluting it with water after 
the biomaterial has been removed to get to our target concentration. Considering the kinetic 
study mentioned above, the most concentrated solution of gluconic acid we could attain was that 
associated with an initial glucose concentration of 0.5 M.  We found that we would require 
equipment costs summarized in Table 9.3. 
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Table 9.3 Preliminary equipment cost determined by SuperPro Designer built-in cost model.  
Name Type  Quantity  Size  
Material of 
Construction 
Purchase Cost 
($/unit) 
SBR-101 Seed Bioreactor  1 1.47 L SS316 106,000  
V-101 Receiver Tank  2 732,534.71 L SS316 361,000  
SBR-102 Seed Bioreactor  1 14.74 L SS316 119,000  
SBR-103 Seed Bioreactor  1 147.39 L SS316 523,000  
SBR-104 Seed Bioreactor  1 1,473.93 L SS316 1,214,000  
SBR-105 Seed Bioreactor  1 14,739.32 L SS316 1,770,000  
SBR-106 Seed Bioreactor  1 147,393.30 L SS316 6,216,000  
BR-101 Bioreactor 2 736,966.52 L SS316 25,771,000  
ST-101 Heat Sterilizer  3 82,177.50 L/h SS316 950,000  
MF-101 Microfilter 5 2,613.27 m2 SS316 1,091,000  
ST-102 Heat Sterilizer  3 87,137.75 L/h SS316 967,000 
 
 Given the extreme capital cost associated with this design, we chose to reduce the 
number and size of the reactors and allocate a longer start-up time in order to reduce strain on the 
reactors and drop the capital cost. For scheduling convenience, we chose to reserve the first of 
operation exclusively to gluconic acid production and begin leaching beginning on year 2. 
9.4 Rare Element Extraction  
The next step in the process is to consider the method by which the lixiviant would 
extract the REE from the PG. Lab scale experimentation done by researchers at Idaho National 
Laboratory pointed to the viability of leaching as a general separation method, however, many 
options remained as to how to perform the leaching operation [4]. An initial techno-economic 
analysis on the process showed that extraction efficiency was a major component in driving 
profitability, prompting the search leaching methods known for superior extraction [14]. By the 
end of it, final candidates for the leaching process included heap leaching, packed bed, fluidized 
bed, and multistage agitated leaching. In the order they were listed, each method is an 
increasingly more effective method of enhancing the contact between the solid and liquid 
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medium on a given timescale and therefore the leaching efficiency [20]. However, this enhanced 
efficiency comes at a price in the form of substantial capital investment and operating costs. For 
example, the multistage agitated leaching process, while capable of achieving leaching 
efficiencies upwards of 95%, requires multiple large-scale vessels, pumps, and demanding 
agitators to do so. On the other end of the spectrum, heap leaching offers a 10-20% lower 
leaching efficiency than those of agitated processes at a significantly lower price, where the 
major cost comes from the heap pad [21].  
Additionally, leaching literature suggested that the ore grade plays a significant role in 
determining what operation should be used. For the gold industry, the general heuristic is that for 
ore grades of below 1-2 grams of gold / ton of ore, heap leaching should be used as the primary 
method of separation to obtain a profit [16]. Although a heuristic doesn’t exist for REE leaching, 
based on preliminary examination, it’s reasonable to assume that similar equipment is used 
whether the solid of interest is gold ore or PG, meaning processing costs are likely similar. 
However, gold is on average 3 orders of magnitude more valuable than the REO mixture 
collected from leaching PG and, therefore, a similar heuristic likely holds for REE, suggesting 
the use of heap leaching methods for ore grades below 1-2 kg REE / ton of PG. In this project’s 
case, the PG from Florida has an average REE composition of approximately 0.285 kg REE/ 
metric ton of PG, making heap leaching the obvious choice [13]. The rationale behind a heuristic 
like this is rooted in the idea that making up for low concentrations of target material in ore is 
better approached by expanding the scale of operation by several orders of magnitude rather 
adjusting the leaching method to maximize leaching efficiency. In the latter case, the jump in 
costs offset the marginal value in obtaining slightly more product.  
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9.5 Choice of Scale and General Leaching Logistics 
 At this point in time, the United States will not be relying on solid waste streams such as 
PG to supply sizeable portions of the domestic REE market, and therefore, will likely not receive 
the capital necessary to process a corresponding amount of PG. Therefore, designing a plant with 
the processing capacity in scale with PG currently stored as waste, discussed more in Section 
20.1, is seen as an unrealistic goal. 
 As it stands, PG is currently produced as a waste in the wet processing of phosphate rock 
to produce phosphatic fertilizer. Therefore, the basis behind this project’s design is chosen to 
process an estimated 1 million metric tons of PG produced by an average phosphate rock 
processing facility in Florida [22][23].   
9.6 Recovery method 
The next step in the process is to consider the method by which the REEs are recovered 
from the leachate solution. Depending on the process, rare earths producers may choose to sell 
intermediate, mixed products, or perform different downstream separations to produce individual 
rare earth salts or oxides. Industrial practices include solvent extraction, ion-exchange 
chromatography and crystallization as potential methods for recovery. Even though the 
individual separation of the rare earths in the leachate is difficult due to their similar physical and 
chemical properties, separation processes based on ion-exchange and solvent extraction 
techniques have been developed to produce high purity single rare earth solutions or compounds. 
Due to the ability to handle larger volumes of dilute pregnant solutions in industrial scale, 
solvent extraction has become the common practice to separate individual rare earth ions [25]. 
The process starts by separating different groups of rare earths from the leachate based on their 
relative weights, which is a complicated process involving many mixer settler units. Although 
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solvent extraction successfully supplies demands for high tonnages of light REE, hundreds more 
mixer-settler stages and several weeks of processing time to reach equilibrium would be required 
before individual heavy REE could be produced [27]. The complex processing scheme of 
changing mixer-settler cells for each REE makes solvent extraction ill-suited for separating 
heavy REEs at increased future demand or even at the current level of demand. Due to increased 
costs and high processing times, solvent extraction was not considered a viable recovery option.  
A significant amount of research has been performed in the past to simplify separation of 
these elements through ion-exchange systems. According to this method, a solution of the ions to 
be separated is contacted with an ion exchange resin, resulting in an equilibrium between resin 
and solution. The elements to be separated are adsorbed from the aqueous solution on a cation-
exchange resin and are then washed down the column by passing a solution of a complexing 
agent through the column until separation is achieved. The ion exchange reaction for each ion is 
repeated many times by this operation and in combination with the effect of the complexing 
agent results in separation of the individual elements into bands in the columns. Separated 
elements are then eluted from the column and collected [28]. Unfortunately, ion-exchange 
processes for separation of REEs are time-consuming and slow, lasting up to 5 to 6 months 
between the charging of mixed REE to the system and collection of the final separated elements 
[28]. Therefore, this method was not considered a viable option of recovery for this project.  
Several patents and studies showed good recovery results by precipitating the rare earth 
ions in the solution [31]. Oxalic acid and sodium bicarbonate were the two viable options for 
precipitating reagents, widely used in industrial practices. Oxalic acid was chosen because the 
pH of the leachate (1-2) is optimal for the formation of solid rare earth oxalates without any 
adjustments that could alter the stream composition by the formation of gluconate ions at higher 
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pH.  Our precipitation method follows closely the process described in the International Patent 
Number 195642 [31]. 
Upon the addition of oxalic acid, rare earth oxalate forms and the gluconic acid bound to 
the metal ions is being reformed back in the aqueous solution via the following chemical reaction 
in equation 3: 
2[𝑅𝑒(𝐺𝐴)3]
+3(𝑎𝑞) + 3𝐻2𝐶2𝑂4(𝑎𝑞) →  𝑅𝑒2(𝐶2𝑂4)3(𝑠) + 6𝐻
+(𝑎𝑞) + 6𝐺𝐴 (𝑎𝑞) (𝑟𝑒𝑓𝑜𝑟𝑚𝑒𝑑) (3) 
This enables the recycling of filtrate (gluconic acid solution) back to the leaching step. 
Therefore, the designed process would be reusing most of the gluconic acid produced via 
fermentation during start-up, which would decrease drastically gluconic acid production 
requirement at steady state, and therefore reduce our costs. 
While the recycle of the filtrate has not been studied for this exact solution mixture, the 
recycle of inorganic acid solutions back to the extraction step has been proven successfully for 
other lixiviants, such as nitric acid [31]. Along with all the processing parameters set to be 
convenient for both leaching and crystallization, the addition of the recycle stream became 
natural in our design.  
9.7 Excess precipitating reagent (oxalic acid) 
 Chi et al.[32] performed studies on the precipitation of rare earth oxalates from aqueous 
solutions by varying process parameters such as temperature as well as pH values of the REE 
solution for different REE concentrations. The study demonstrated that pH 1-2 yields higher 
recovery rates in the solid form than a neutral or a basic pH due to low REE oxalates solubility. 
At the same time, an acidic pH does not promote oxalic acid dissociation in the form of protons 
and carboxyl groups. This is relevant because increasing the concentration of carboxyl anion in 
the solution is essential to drive the precipitation of the REEs due to carboxyl group being the 
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active precipitating reagent [32]. Therefore, in order to perform the reaction at the desired acidic 
pH and obtain 100% recovery in the solid oxalates form, excess oxalic acid is needed to make up 
for the poor dissociation, and therefore lower concentration of carboxyl groups. Based on their 
study of recovery as a function of [oxalic acid]:[REE] ratio, it was determined that 30% 
stoichiometric excess needs to be added to achieve 100% precipitation of the rare earths at room 
temperature.  
 After deciding on feeding excess oxalic acid to our process, trivial mass balance 
calculations demonstrated that the unreacted excess will be present in the liquid recycle stream 
separated from the solid rare earth oxalates.  Since the plan is to recycle the filtrate rich in 
gluconic acid back to the leaching step, the next consideration was potential fouling in the pipes 
and solid buildup in the leaching units due to additional precipitation. However, Chi et al. [32] 
demonstrated that at acidic pH and room temperature and for solutions with comparable REE 
concentrations, the precipitation reaction does not occur (0% recovery of rare earth oxalates) for 
[oxalic acid]:[REE] ratios lower than 1.5, which is the stoichiometric ratio. Assuming that in the 
heap pad there is the same REE concentration as in the leachate solution, the assumption that 
there will be no additional precipitation happening in the process can be made.  
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10. Assembly of Database 
10.1  Chemical Components and Thermophysical Properties 
All thermophysical properties associated with the fermentation process can be found in 
Appendix A in the SuperPro Designer input report. This includes all the components used in the 
simulation from the provided databanks, as well as those input by the user. In this case, a 
reference material was chosen to assume thermophysical properties from (for example, gluconic 
acid had be registered as a component and glucose was chosen as its reference material).  The 
report includes physical properties like freezing and boiling temperature, critical properties, and 
miscellaneous component properties like particle size and whether or not it is hazardous. All 
temperature dependent properties were calculated using the correlation listed in Appendix A, 
with constants provided by SuperPro’s databank. These values were used to calculate the 
density, enthalpy, heat capacity, and vapor pressure throughout this process and reported in the 
mass balances streams. Calculations involving heating and cooling assumed these properties and 
used specific enthalpy for calculate heat of reaction. This report also includes registered mixtures 
like the amended Pikovskaya’s (Pkm) broth and resultant gluconic acid solutions with their 
respective calculated densities. The composition of Pkm is given in Table 10.1. Safety data 
sheets for the chemical components can be found in Appendix C.  
Due to a lack of available information about the heats of precipitation for rare earth 
oxalates, the heat of precipitation for calcium oxalate (20.5 kJ/mole) was used for energy balance 
calculations [29].  Similarly, the heat of reaction for the decomposition of the rare earths oxalates 
into solid oxides was assumed to be approximately equal to that of cerium oxalate decomposition 
(550 kJ/mole) [30].  
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Table 10.1 Amended Pikovskaya’s broth composition (refer to Appendix B for Technical Data). 
Amended Pkm Media Composition 
Ammonium sulfate 0.5 g/L 
Calcium Chloride Hydride   0.071 g/L 
Ferrous Sulfate   0.0001 g/L 
Glucose   90 g/L 
Potassium Phosphate   0.367 g/L 
Potassium Chloride 0.1 g/L 
Magnesium sulfate 0.1 g/L 
Manganese Sulfate 0.0001 g/L 
Yeast extract   0.5 g/L 
DI Water   1 L 
 
10.2 Kinetic Model 
 In order to consider production on a large scale, the rate at which these reactions occur, 
and their respective yields, were determined from kinetics. Previous studies found that the 
growth rate of G. oxydans fit the Tseng and Wayman kinetic model well and that nearly all of the 
initial glucose present was transformed into gluconic acid, defined by Equations 4-6 [40]. Only 
when the initial substrate (glucose) concentration was above 𝑆 = 0.5 𝑀 was growth inhibited 
and not all glucose was consumed within the log growth phase, hence the 𝑆𝑐𝑟𝑖𝑡 term in the kinetic 
model.  
𝜇 = 𝜇𝑚 [
𝑆
𝐾𝑠+𝑆
] − 𝐾(𝑆 − 𝑆𝑐𝑟𝑖𝑡) (4) 
𝑌𝑃/𝑆 = 0.904  (5) 
𝑌𝑋/𝑆 = 1 − 0.904  (6) 
Other important aspects found from studying growth kinetics was that gluconic acid production, 
although directly dependent on oxygen concentrations, was rarely limited by the air supply and 
never dropped below 10% saturation using an aeration rate of 2 vvm in a 400 mL working 
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volume [41]. These studies allowed us to consider a range of initial glucose concentration with 
well documented growth conditions that could later be scaled up. 
10.3 Leaching Efficiencies 
Information on the typical REE content in PG found in Florida and the leaching 
efficiency, defined as the fraction of REE leached from the sample, using the biolixiviant is 
reported in literature [13][14]. The key values are summarized in Table 10.3. Note that leaching 
efficiencies were found using batch agitation leach tests, which represent significantly different 
leaching conditions than those found in a standard heap leaching operation. Leaching efficiencies 
of REE from PG using the biolixiviant under heap leaching conditions are not reported. 
Therefore, in order to obtain more realistic leaching efficiencies under conditions and time scales 
involved in heap leaches, comparisons were made between batch and heap leaching data for gold 
recovery and extended to batch REE data [15][17]. Details behind this calculation can be found 
in Appendix A. 
Table 10.3. Florida PG composition and leaching efficiencies 
Element Concentration in PG 
(kg REE / MT PG) 
Leaching Efficiency after a 90-day 
leaching period 
Y 0.075 99.9% 
La 0.053 87.5% 
Ce 0.082 74.6% 
Nd 0.059 81.3% 
Sm 0.011 98.1% 
Eu 0.002 87.5% 
Yb 0.003 99.6% 
 
 Though the mechanism through which the biolixiviant acts to dissolve the REE from PG 
is the subject of ongoing investigation, it can be assumed that the gluconic acid in the 
biolixiviant acts as a chelating agent, stabilizing metal ions with its hydroxyl groups and forming 
a water-soluble complex [18][19]. Furthermore, given that most of the REE’s considered in this 
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study assume +3 oxidation states, a conservative chelating ratio of 3:1 may be used [24], yielding 
equation 7:  
𝑅𝐸𝐸+3 + 3𝐶6𝐻12𝑂7 → [𝑅𝐸𝐸(𝐶6𝐻12𝑂7)3]
+3  (7) 
10.4 Cost of chemicals  
The main raw materials in this process are Pkm media amended with 90g/L glucose and 
oxalic acid used to recover REEs. The prices of the minerals which are present in Pkm are listed 
in Table 10.4.1. Their respective concentrations in the media were used to compute the price of 
0.03$/kg of the Pkm media. The table does not include the price of the G. oxydans bacteria live 
culture, as this will be provided from the US Department of Agriculture. Costs of the raw 
materials were estimated from Alibaba for bulk purchases of bags 25MT in size. 
 The final product, which is a solid mixture of oxides, is comprised of 7 different REOs, 
whose prices from 2019 are listed in Table 10.4.2. These prices, along with the composition of 
the final product which can be found in Appendix A were used to estimate the unit cost of the 
product mixture displayed in Table 10.4.2.  
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Table 10.4.1. Raw materials and product prices 
Chemical Name Cost/MT 
Ammonium Sulfate $169 
Calcium Chloride $154 
Potassium Phosphate $500 
Potassium chloride $124 
Magnesium sulfate $75 
Glucose $350 
Sulfuric acid $5 
Gluconic acid $22 
Oxalic acid $500 
Water - 
Air - 
REO product $9,089 
 
Table 10.4.2. Rare earth oxide prices in 2019 
Rare Earth Oxide Cost/MT 
Y2O3 $2,860 
La2O3 $1,680 
CeO2 $1,640 
Nd2O3 $41,350 
Sm2O3 $1,790 
Eu2O3 $30,710 
Yb2O3 $25,000 
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11. Process Flow Diagrams and Material Balances  
11.1 Overall Flow Sheet 
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11.2 Batch Process Design 
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11.3 Batch Process Mass Balances 
Stream Name S-101 S-102 S-103 S-104 S-105 
Description Media IN Cells IN Air IN Gas OUT Cell OUT 
Temperature (°C) 25 25 25 32 32 
Pressure (bar) 1.01 1.01 1.01 1.01 1.01 
Density (g/L) 996.36 1,050.00 1.18 1.15 992.84 
Total Enthalpy (kW-h) 0 0 0 0 0 
Specific Enthalpy 
(kcal/kg) 
25.05 24.99 6.05 7.8 32.07 
Heat Capacity  
(kcal/kg-°C) 
1 1 0.24 0.24 1 
Component Flowrates 
(kg/batch) 
          
Ammonium sulfate 0 0 0 0 0 
Biomass 0 0 0 0 0 
Calcium Chloride Hydrate  0 0 0 0 0 
Carbon Dioxide  0 0 0 0 0 
Ferrous Sulfate 0 0 0 0 0 
Gluconic Acid  0 0 0 0 0 
Glucose  0 0 0 0 0 
Potassium Phosphate  0 0 0 0 0 
Potassium Chloride 0 0 0 0 0 
Manganese Sulfate 0 0 0 0 0 
Magnesium sulfate 0 0 0 0 0 
Nitrogen 0 0 0.31 0.31 0 
Oxygen  0 0 0.09 0.09 0 
Water  0.13 0 0 0 0.13 
Yeast extract 0 0 0 0 0 
TOTAL (kg/batch) 0.13 0 0.4 0.4 0.13 
TOTAL (L/batch) 0.13 0 337.2 345.29 0.13 
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Stream Name S-105 S-106 S-107 S-108 S-109 S-110 S-111 
Description Cells IN Media IN 
Mixed 
Media 
Sterilized 
Media 
Air IN Gas OUT Cells OUT 
Temperature (°C) 32 25 25 35 25 32 20 
Pressure (bar) 1.01 1.01 4.05 4.05 1.01 1.01 0.96 
Density (g/L) 992.84 1,012.41 1,009.19 1,006.47 1.18 1.15 1,010.66 
Total Enthalpy  
(kW-h) 
0 3,655.44 0.03 0.04 0.01 0.01 0.03 
Specific Enthalpy 
(kcal/kg) 
32.07 23.9 23.9 30.56 6.05 7.76 19.11 
Heat Capacity  
(kcal/kg-°C) 
1 0.95 0.95 0.95 0.24 0.24 0.95 
Component 
Flowrates (kg/batch) 
              
Ammonium sulfate 0 65.21 0 0 0 0 0 
Biomass 0 0 0 0 0 0 0 
Calcium Chloride 
Hydrate  
0 9.26 0 0 0 0 0 
Carbon Dioxide  0 0 0 0 0 0 0 
Ferrous Sulfate 0 0.01 0 0 0 0 0 
Gluconic Acid  0 0 0 0 0 0 0.11 
Glucose  0 11,737.32 0.11 0.11 0 0 0 
Potassium Phosphate  0 47.86 0 0 0 0 0 
Potassium Chloride 0 13.04 0 0 0 0 0 
Manganese Sulfate 0 13.04 0 0 0 0 0 
Magnesium sulfate 0 0.01 0 0 0 0 0 
Nitrogen 0 0 0 0 0.56 0.56 0 
Oxygen  0 0 0 0 0.17 0.16 0 
Water  0.13 119,662.60 1.07 1.07 0 0 1.2 
Yeast extract 0 65.21 0 0 0 0 0 
TOTAL (kg/batch) 0.13 131,613.57 1.18 1.18 0.73 0.72 1.32 
TOTAL (L/batch) 0.13 130,000.00 1.17 1.17 619.81 629.15 1.3 
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Stream Name S-111 S-112 S-113 S-114 S-115 S-116 
Description Cells IN 
Mixed 
Media 
Sterilized 
Media 
Air IN Gas OUT Cells OUT 
Temperature (°C) 20 25 35 25 32 20 
Pressure (bar) 0.96 4.05 4.05 1.01 1.01 0.96 
Density (g/L) 1,010.66 1,009.19 1,005.30 1.18 1.15 1,012.00 
Total Enthalpy (kW-h) 0.03 0.33 0.46 0.02 0.03 0.29 
Specific Enthalpy (kcal/kg) 19.11 23.9 33.41 6.05 7.78 19.01 
Heat Capacity (kcal/kg-°C) 0.95 0.95 0.95 0.24 0.24 0.95 
Component Flowrates 
(kg/batch) 
            
Ammonium sulfate 0 0.01 0.01 0 0 0 
Biomass 0 0 0 0 0 0 
Calcium Chloride Hydrate  0 0 0 0 0 0 
Carbon Dioxide  0 0 0 0 0 0 
Ferrous Sulfate 0 0 0 0 0 0 
Gluconic Acid  0.11 0 0 0 0 1.26 
Glucose  0 1.05 1.05 0 0 0 
Potassium Phosphate  0 0 0 0 0 0 
Potassium Chloride 0 0 0 0 0 0 
Manganese Sulfate 0 0 0 0 0 0 
Magnesium sulfate 0 0 0 0 0 0 
Nitrogen 0 0 0 2.59 2.6 0 
Oxygen  0 0 0 0.79 0.7 0 
Water  1.2 10.74 10.74 0 0 11.94 
Yeast extract 0 0.01 0.01 0 0 0 
TOTAL (kg/batch) 1.32 11.81 11.81 3.38 3.31 13.21 
TOTAL (L/batch) 1.3 11.7 11.75 2,863.15 2,877.59 13.05 
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Stream Name S-116 S-117 S-118 S-119 S-120 S-121 
Description Cells IN 
Mixed 
Media 
Sterilized 
Media 
Air IN Gas OUT Cells OUT 
Temperature (°C) 20 25 35 25 32 20 
Pressure (bar) 0.96 4.05 4.05 1.01 1.01 0.96 
Density (g/L) 1,012.00 1,009.19 1,005.30 1.18 1.15 1,012.13 
Total Enthalpy (kW-h) 0.29 3.28 4.58 0.11 0.14 2.92 
Specific Enthalpy 
(kcal/kg) 
19.01 23.9 33.41 6.05 7.82 19 
Heat Capacity  
(kcal/kg-°C) 
0.95 0.95 0.95 0.24 0.24 0.95 
Component Flowrates 
(kg/batch) 
            
Ammonium sulfate 0 0.06 0.06 0 0 0.06 
Biomass 0 0 0 0 0 0 
Calcium Chloride 
Hydrate  
0 0.01 0.01 0 0 0.01 
Carbon Dioxide  0 0 0 0 0.01 0 
Ferrous Sulfate 0 0 0.00 0 0 0 
Gluconic Acid  1.26 0 0 0 0 12.71 
Glucose  0 10.53 10.53 0 0 0 
Potassium Phosphate  0 0.04 0.04 0 0 0.05 
Potassium Chloride 0 0.01 0.01 0 0 0.01 
Manganese Sulfate 0 0.01 0.01 0 0 0.01 
Magnesium sulfate 0 0 0 0 0 0 
Nitrogen 0 0 0 12 12.12 0 
Oxygen  0 0 0.00 3.64 2.83 0 
Water  11.94 107.35 107.35 0 0 119.29 
Yeast extract 0 0.06 0.06 0 0 0.06 
TOTAL (kg/batch) 13.21 118.08 118.08 15.65 14.96 132.13 
TOTAL (L/batch) 13.05 117 117.45 13,269.42 13,053.11 130.55 
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Stream Name S-121 S-122 S-123 S-124 S-125 S-126 
Description Cells IN 
Mixed 
Media 
Sterilized 
Media 
Air IN Gas OUT Cells OUT 
Temperature (°C) 20 25 35 25 32 20 
Pressure (bar) 0.96 4.04 4.04 1.01 1.01 0.96 
Density (g/L) 1,012.13 1,009.19 1,005.30 1.18 1.14 1,012.15 
Total Enthalpy (kW-h) 2.92 32.79 45.85 0.51 0.6 29.18 
Specific Enthalpy 
(kcal/kg) 
19 23.9 33.41 6.05 7.91 19 
Heat Capacity  
(kcal/kg-°C) 
0.95 0.95 0.95 0.24 0.25 0.95 
Component Flowrates 
(kg/batch) 
            
Ammonium sulfate 0.06 0.59 0.59 0 0 0.64 
Biomass 0 0 0 0 0 0.04 
Calcium Chloride Hydrate  0.01 0.08 0.08 0 0 0.09 
Carbon Dioxide  0 0 0 0 0.08 0 
Ferrous Sulfate 0 0 0 0 0 0 
Gluconic Acid  12.71 0 0 0 0 127.27 
Glucose  0 105.3 105.3 0 0 0 
Potassium Phosphate  0.05 0.43 0.43 0 0 0.47 
Potassium Chloride 0.01 0.12 0.12 0 0 0.13 
Manganese Sulfate 0.01 0.12 0.12 0 0 0.13 
Magnesium sulfate 0 0 0 0 0 0 
Nitrogen 0 0 0 55.51 56.66 0 
Oxygen  0 0 0 16.85 8.73 0 
Water  119.29 1,073.54 1,073.54 0 0 1,192.83 
Yeast extract 0.06 0.59 0.59 0 0 0.64 
TOTAL (kg/batch) 132.13 1,180.76 1,180.76 72.36 65.47 1,321.34 
TOTAL (L/batch) 130.55 1,170.00 1,174.53 61,359.10 57,521.27 1,305.49 
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Stream Name S-126 S-127 S-128 S-129 S-130 S-131 
Description Cells IN Mixed Media 
Sterilized 
Media 
Air IN Gas OUT Cells OUT 
Temperature (°C) 20 25 35 25 32 20 
Pressure (bar) 0.96 3.94 3.94 1.01 1.01 0.96 
Density (g/L) 1,012.15 1,009.19 1,005.30 1.18 1.12 1,012.15 
Total Enthalpy  
(kW-h) 
29.18 327.93 458.48 2.48 2.68 291.75 
Specific Enthalpy 
(kcal/kg) 
19 23.9 33.41 6.05 8.12 19 
Heat Capacity  
(kcal/kg-°C) 
0.95 0.95 0.95 0.24 0.25 0.95 
Component Flowrates 
(kg/batch) 
            
Ammonium sulfate 0.64 5.85 5.85 0 0 6.44 
Biomass 0.04 0 0 0 0 0.36 
Calcium Chloride 
Hydrate  
0.09 0.83 0.83 0 0 0.91 
Carbon Dioxide  0 0 0 0 0.82 0 
Ferrous Sulfate 0 0.00 0 0 0 0 
Gluconic Acid  127.27 0 0 0 0 1,272.73 
Glucose  0 1,053.00 1,053.00 0 0 0 
Potassium Phosphate  0.47 4.29 4.29 0 0 4.72 
Potassium Chloride 0.13 1.17 1.17 0 0 1.29 
Manganese Sulfate 0.13 1.17 1.17 0 0 1.29 
Magnesium sulfate 0 0 0 0 0 0 
Nitrogen 0 0.00 0 270.76 281.72 0 
Oxygen  0 0 0 82.2 1.62 0 
Water  1,192.83 10,735.40 10,735.40 0 0 11,928.23 
Yeast extract 0.64 5.85 5.85 0 0 6.44 
TOTAL (kg/batch) 1,321.34 11,807.57 11,807.57 352.96 284.17 13,213.44 
TOTAL (L/batch) 1,305.49 11,700.00 11,745.31 299,312.93 253,556.02 13,054.86 
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Stream Name S-131 S-132 S-133 S-134 S-135 S-136 
Description Cells IN Mixed Media 
Sterilized 
Media 
Air IN Gas OUT Cells OUT 
Temperature (°C) 20 25.00 35 25 32 20 
Pressure (bar) 0.96 3.12 3.12 1.01 1.01 0.96 
Density (g/L) 1,012.15 1,009.19 1,005.30 1.18 1.12 1,012.15 
Total Enthalpy  
(kW-h) 
291.75 3,279.32 4,584.85 24.33 26.18 2,917.53 
Specific Enthalpy 
(kcal/kg) 
19 23.9 33.41 6.05 8.12 19 
Heat Capacity 
(kcal/kg-°C) 
0.95 0.95 0.95 0.24 0.25 0.95 
Component 
Flowrates (kg/batch) 
            
Ammonium sulfate 6.44 58.5 58.5 0 0 64.37 
Biomass 0.36 0 0 0 0 3.64 
Calcium Chloride 
Hydrate  
0.91 8.31 8.31 0 0 9.14 
Carbon Dioxide  0 0.00 0 0 8.23 0 
Ferrous Sulfate 0 0.01 0.01 0 0 0.01 
Gluconic Acid  1,272.73 0 0 0 0 12,727.43 
Glucose  0 10,530.00 10,530.00 0 0 0.00 
Potassium Phosphate  4.72 42.94 42.94 0 0 47.25 
Potassium Chloride 1.29 11.7 11.7 0 0 12.87 
Manganese Sulfate 1.29 11.7 11.7 0 0 12.87 
Magnesium sulfate 0 0.01 0.01 0 0 0.01 
Nitrogen 0 0 0 2,654.62 2,764.01 0 
Oxygen  0 0.00 0 805.89 0.41 0 
Water  11,928.23 107,353.98 107,353.98 0 0 119,282.21 
Yeast extract 6.44 58.5 58.5 0 0 64.37 
TOTAL (kg/batch) 13,213.44 118,075.65 118,075.65 3,460.52 2,772.65 132,134.39 
TOTAL (L/batch) 13,054.86 117,000.00 117,453.11 2,934,577.32 2,475,633.49 130,548.64 
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Stream Name S-136 S-137 S-138 S-139 
Description Cells IN Bio Lixiviant  Biomass OUT 
Sterilized Bio 
Lixiviant 
Temperature (°C) 20 20.85 20.85 32 
Pressure (bar) 0.96 0.96 0.96 0.96 
Density (g/L) 1,012.15 1,011.07 1,025.92 1,005.54 
Total Enthalpy (kW-h) 2,917.53 2,890.77 150.78 4,841.65 
Specific Enthalpy (kcal/kg) 19 19.83 19.37 33.21 
Heat Capacity (kcal/kg-°C) 0.95 0.95 0.93 0.95 
Component Flowrates (kg/batch)         
Ammonium sulfate 64.37 0 64.37 0 
Biomass 3.64 0 11.74 0 
Calcium Chloride Hydrate  9.14 0 9.14 0 
Carbon Dioxide  0 0 0 0 
Ferrous Sulfate 0.01 0 0.01 0 
Gluconic Acid  12,727.43 12,101.84 625.58 12,101.84 
Glucose  0.00 0 0 0.00 
Potassium Phosphate  47.25 0 47.25 0 
Potassium Chloride 12.87 0 12.87 0.00 
Manganese Sulfate 12.87 0 12.87 0.00 
Magnesium sulfate 0.01 0 0.01 0 
Nitrogen 0 0 0 0.00 
Oxygen  0 0 0 0.00 
Water  119,282.21 113,419.13 5,863.08 113,419.13 
Yeast extract 64.37 0 64.37 0 
TOTAL (kg/batch) 132,134.39 125,435.59 6,698.80 125,435.59 
TOTAL (L/batch) 130,548.64 124,062.14 6,529.56 124,744.73 
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11.4 Continuous Process Design 
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11.5 Continuous Process Mass Balances 
 
Stream  141 142 143 201 202 203 204 
[REE(C6H12O7)3]
3+ 0 0 0 0 0 0 189.2 
Gluconic acid (aq) 75 0 75.6 1511 0 75.6 1278.3 
Oxalic acid (aq) 0 0 0 12.5 0 0.6 11.9 
Water (aq) 709 992 1699.5 33989.9 0 1699.5 32290.4 
Rare earth oxalates 
(s) 
0 0 0 0 0 0 0 
REO (s) 0 0 0 0 0 0 0 
CO2 (g) 0 0 0 0 0 0 0 
CO (g) 0 0 0 0 0 0 0 
PG (s) 0 0 0 0 130,500 0 0 
 
 
Stream  205 206 207 208 209 
[REE(C6H12O7)3]
3+ 0 0 0 0 0 
Gluconic acid (aq) 0 1435.5 1435.5 0 0 
Oxalic acid (aq) 36.7 12.5 12.5 0 0 
Water (aq) 0 32290.4 32290.4 0 0 
Rare earth oxalates (s) 0 67.4 0 67.4 0 
REO (s) 0 0 0 0 35.6 
CO2 (g) 0 0 0 0 17.6 
CO (g) 0 0 0 0 11.2 
PG (s) 0 0 0 0 0 
 
All numbers are in kg/hr.  
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12. Process Descriptions 
12.1 General Description 
G. oxydans fermentation and gluconic acid production is achieved in batches as a 
concentrated solution that is then purified and sterilized before being diluted with water and 
entering the leaching process where it proceeds as continuous process. The seed train, final 
reactor, filtration, and sterilization steps have a batch time of 82.2 hours, and a cycle time of 38.7 
hours. The bulk of the gluconic acid is reformed and recycled in the downstream process such 
that gluconic acid production only makes up for losses by evaporation. To account for a year’s 
worth of losses, 47 batches have to be produced throughout the year. The batches are then sent to 
a surge tank, which continuously outputs gluconic acid solution, that serves as an input stream to 
the mixer. The solution is diluted to 0.22M inside the mixer unit, which has an additional feed 
stream of just pure water. The diluted solution gets collected in the barren pond and is 
subsequently irrigated on top of the heap pad for 45 days. Then, the REE+3-containing solution is 
pumped to the crystallizer unit, where an additional solid oxalic acid feed stream initiates the 
precipitation reaction. The rare earth oxalates slurry is then pumped to the vacuum filtration step. 
The filter cake is continuously scraped and discharge onto a conveyor belt, which transports the 
cake to the roasting step. At the same time, the filtrate solution is recycled back into the barren 
pond. In the final step, the oxalates mixture is being thermally decomposed at 800°C and 1 atm,  
which results in the final oxide mixture product.  
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12.2 Detailed Description 
     Inoculum and Media Preparation  
A modified version of Pikovskaya’s (Pkm) broth amended with 90 g/L of glucose will be 
produced in bulk for all the reactor, one batch at a time. The media consists of ammonium 
sulfate, calcium chloride hydrate, ferrous sulfate, glucose, potassium phosphate, potassium 
chloride, manganese sulfate, magnesium sulfate, and yeast extract in their solid form (exact 
composition given in Section 10.1). Raw materials will be added along with water in two 86,943 
L blending storage tank and set to mix for 5 hours. These materials will be bought in bulk and 
are safe to store in a cool, dry location onsite until the following batch is prepared. The blending 
tank is equipped with 2 pumps, one dedicated to transporting the appropriate amount of media to 
the smaller reactors and one dedicated to transporting the appropriate amount of media to main 
reactor. Before the media reaches the reactors, it passes through a continuous flow sterilizer that 
heats the media to 140oC then cools it to 35oC for transport.   
During this time, 130 mL of Pkm media with 2 g/L of glucose is prepared and sterilized. 
Gluconobacter oxydans from an agar slant is inoculated in a 2000 mL shake flask and grown for 
20 hours at 32oC.  
 
 Seed Batch Reactors  
 The seed train increases by a factor of 10, beginning with a 1.7 L reactor with a 1.3 L 
working volume and ending with a bioreactor that is 174,875.69 L with a 129,829 L working 
volume. The volume which is lost during the process is due evaporation during fermentation. 
The final concentration of gluconic acid in the media ranges from 0.430 M-0.497 M, due to this 
small change in volume. First, the cooled media is fed into the reactor, then the inoculum from 
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the previous seed batch reactor is added. Then, the system is heated to 32oC and maintained at 
that temperature throughout fermentation. After the cell culture is cooled to 20oC, it is drained 
and fed into the next reactor and the clean-in-place (CIP) and sterilize-in-place (SIP) system is 
initiated, where water then steam is flushed through the system before the next batch begins. 
These reactors are custom made by SYSBiOTECH and come equipped the piping needed for 
heating and cooling, a gas vent to prevent build up, motor for agitation, compressor and air filter 
for aeration, pH/pO2/temperature probes, sample port, and a C-BIO2TM interface control system 
(refer to Appendix B ). 
 Gluconic Acid Purification  
After the final bioreactor is drained, the cell culture is passed through a crossflow, feed-
and-bleed microfiltration unit used to separate all biomass and undissolved material with over 
95% efficiency. The filtration membrane is made of polyether sulphone that needs to be replaced 
in modules at a rate of 291 m2/batch and replaced in its entirety in 5 years. The used membrane is 
dried and disposed of as biohazard waste and scheduled for pick up for a small fee of $85 per 
year [42]. The final gluconic acid solution is 124,744.73 L at 0.495 M. This solution goes on to a 
surge tank and mixer to be diluted to 0.22 M for leaching. 
 Leaching 
Pump P-201 increases the pressure of stream S-201 from 1 atm to 4.95 atm, transporting the 
biolixiviant from the barren solution pond to the irrigation system in place over the heap pit, 
where it arrives at 2.04 atm. The stream is then depressurized to achieve the desired 14 m range 
of distribution and irrigated over the designated leaching area of the pad. Under the desired 
schedule, a single partition of 141,000 MT of PG is irrigated with a flowrate of 34,200 L/hr for 
approximately 45 days, accounting for a total 90 days of leach time. Leach time is defined as the 
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time between when irrigation begins and the moment when the last drop of leachate is collected 
from the heap. The flux of lixiviant irrigation is 13 L/hr/m2. Units in CB-201 are used to 
transport solid PG from a holding location to the heap pad HL-201, where it’s distributed into 
stacks using CB-204 at a minimum required rate of 3133 MT / day. As biolixiviant is irrigated on 
the stack, the PG undergoes an acid-driven dissolution process known as leaching. Under 
standard conditions, the REEs are adsorbed on the surface of PG. As the PG makes contact with 
the biolixiviant, the REE dissolves from the surface of PG and forms a water-soluble chelating 
complex with gluconic acid, written as [REE(C6H12O7)3]
3+. The leachate exits the heap after 
completing a full leach period, yielding 189 kg/hr of gluconic acid-complexed REE molecules, 
and is collected in a pregnant solution pond. The term pregnant is used to refer to the fact that the 
solution now contains the extracted metal of interest.  
 Formation of rare earth oxalates 
After collecting the leachate in the pregnant pond, the REE complex solution is sent to 
the crystallizer. For this, a centrifugal pump (P-202) requires 7.3 Hp to account for pressure drop 
in the piping. The crystallizer has an additional feed stream of solid oxalic acid, which is 
transported from a storage tank (ST-201) via a conveyor belt (CB-202), which requires 
negligible power. The storage tank is designed as a fiberglass horizontal vessel (ST-201), refilled 
with oxalic acid every 45 days. The residence time of the crystallizer is 100 minutes – 80 
minutes time of precipitation and 20 minutes for the dissolution of solid oxalic acid [32]. The 
precipitation reaction is forming solid oxalates crystals, while at the same time reforming back 
all the gluconic acid that had been complexated with rare earth ions. The crystallizer requires 
0.51 MM BTU/hr of cooling to maintain the optimal vessel temperature of 25 oC,. This is 
provided by the cooling jacket, through which chilled water flows at 12,832 kg/hr flowrate. The 
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vessel is equipped with an agitator, which requires 15 Hp. The crystallizer is assumed to be 
perfectly stirred (mixed-suspension, mixed-product removal model), which makes it ideal for the 
slurry removal with minimum levels of solid deposits on the vessel walls.   
 
 Filtration and recycle  
After the formation of the solids, the slurry is being transported to the rotary drum 
vacuum filter (VF-201). As liquid accumulates inside the filter’s vessel, the drum rotates while 
pulling the solid crystals out. They accumulate on the surface of the drum and the filter cake is 
then scraped off by a scraper discharger onto a conveyor belt. The filtration area is 
approximately 170 ft2. At the same time, the liquid filtrate collected in the filter’s vessel is 
recycled back to the barren pond, thus reusing over 90% of the gluconic acid produced during 
start-up.  
 
 Oxalate roasting to form rare earth oxides 
The filter cake is transported to the rotary kiln (RK-201) via a conveyor belt (CB-203). At 
800 oC, and 1 atm, the solid oxalates are decomposed into oxides, and CO2 and CO. The energy 
requirement for the rotary kiln is 2.11 MM BTU/hr, which is provided by fuel, and the motor 
requires 10 Hp. Fuel combustion happens in the outer shell, while the decomposition happens 
inside the tube. Hot gases will flow out the top of the kiln, and solid products fall out of the 
inclined kiln due to gravity.  
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13. Energy balance and utility requirements  
13.1 Utility Requirements  
Table 13.1.1 Yearly energy requirements needed 
Unit Description 
Amount 
(MT/year) 
Utility Type 
SBR-10X 
(X=1,2,3,4,5) 
Batch cooling for seed bioreactors 2,740 Chilled Water 
BR-106 Batch cooling for bioreactor 33,115 Chilled Water 
ST-101 Media cooling after sterilization 23,453 Cooling Water 
ST-102 Bio lixiviant cooling after sterilization 17,669 Cooling Water 
C-201 Crystallizer cooling jacket 103,169 Cooling Water 
BR-106 Batch heating for bioreactor 418 Steam 
SBR-10X 
(X=1,2,3,4,5) 
Batch heating for seed bioreactor 45 Steam 
ST-101 Media heating for sterilization 168 Steam 
ST-102 Bio lixiviant heating for sterilization 160 Steam 
M-101 Mixer for gluconic acid dilution 798 Process water 
 
Table 13.1.2. Yearly utilities costs 
Utility 
Amount 
(MT/year) Cost/year 
Chilled Water 35,855 $14,277 
Cooling water 144,291 $3,086 
Steam 836 $10,009 
Process water 798 $166 
  
The utilities needed for gluconic acid production for the regular operation year consisting 
of 47 batches, as well as for the recovery process of REE are summarized in Table 13.1.1. After 
media is sterilized using steam, it is cooled to 20oC for safe transport to each bioreactor. After 
inoculation, the batch is brought to and maintained at optimal growth temperature (32oC) for 
fermentation using steam. In order to control cell growth during transport, the batch is cooled 
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before moving on to the next reactor in the seed train. The steam requirement for each bioreactor 
also includes that which is used in the sterilization-in-place system between batches. The largest 
utility requirement is the cooling needed to bring the final batch to 20oC before being filtered and 
sterilized and continuing on to the leaching process. Cooling water is needed to maintain the 
crystallizer operating temperature at room temperature to maximize recovery of rare earths in 
their oxalate solid form. Process water is used to dilute gluconic acid solution in the mixer (M-
101), in order to meet the desired concentration requirement (0.22 M) for the leaching process. 
 
13.2 Electricity and fuel requirements 
Table 13.2.1 Yearly energy requirements needed 
Unit Description 
Amount  
(kW-h/year) 
Utility type 
SBR-10X (X=1,2,3,4,5) 
Agitation and aeration for seed 
bioreactors 410 Electricity 
BR-106 
Agitation and aeration for 
bioreactor 5,047 Electricity 
V-101 Agitator for media preparation 2,876 Electricity 
MF-101 Microfilter 58,290 Electricity 
P-101,102,103,104,105,106 Pumps upstream 16,656 Electricity 
CB 201, 202, 203, 204 Conveyor belts 1,077,856 Electricity 
P-201,202,203,204 
Pumps for streams transportation 
downstream 202,267 Electricity 
M-101 Mixer for gluconic acid dilution 4,923 Electricity 
C-201 Agitation for crystallizer 94,665 Electricity 
VF-201 Motor to rotate rotary drum filter 63,110 Electricity 
RK-201 Motor to rotate kiln 63,110 Electricity 
RK-201 Rotary kiln 4,919,676 Fuel 
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Table 13.2.2. Yearly electricity and fuel costs 
Utility 
Amount (kW-
h/year) Cost/year 
Electricity 1,589,210 $158,921 
Fuel 4,919,676 $8,216 
 
 The power requirements for the regular operation year consisting of 47 batches, as well 
as for the recovery process of REE are summarized in Table 13.2.1. For the bioreactors, this 
includes power for agitation and compression of ambient air for aeration. The largest energy 
requirement is associated with the microfiltration unit as determined by SuperPro Designer, used 
to account for the pressure drop across the membrane. For downstream processing, this includes 
conveyor belts, pumps for stream transportation, agitation for the crystallizer and electric motors 
for the rotary filter and kiln. 
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14.  Equipment List & Unit Descriptions 
14.1 Equipment List 
Table 14.1 Master list of equipment 
ID name Description Type 
Fermentation (Upstream) Equipment 
SBR-101 Seed Bioreactor (1.75L) Fabricated Equipment 
SBR-102 Seed Bioreactor (17.5L) Fabricated Equipment 
SBR-103 Seed Bioreactor (175L) Fabricated Equipment 
SBR-104 Seed Bioreactor (1,750 L) Fabricated Equipment 
SBR-105 Seed Bioreactor (17,500 L) Fabricated Equipment 
BR-106 Bioreactor (175,000 L) Fabricated Equipment 
V-101 Receiver Tank 1 Fabricated Equipment 
V-102 Receiver Tank 2 Fabricated Equipment 
ST-101 Heat Sterilizer 1 Fabricated Equipment 
ST-102 Heat Sterilizer 2 Fabricated Equipment 
MF-101 Microfilter Fabricated Equipment 
SU-101 Gluconic Acid Surge Tank Fabricated Equipment 
M-101 Mixer Fabricated Equipment 
P-101 Pump Process Machinery 
P-102 Pump Process Machinery 
P-103 Pump Process Machinery 
P-104 Pump Process Machinery 
P-105 Pump Process Machinery 
P-106 Pump Process Machinery 
Leaching (Downstream) Equipment 
PD-201 Barren Solution Pond Fabricated Equipment 
PD-202 Pregnant Solution Pond Fabricated Equipment 
HL-201 Heap Leach Pad Fabricated Equipment 
IR-101 Irrigators Fabricated Equipment 
C-201 
Jacketed scraped-wall 
crystallizer 
Fabricated Equipment 
ST-201 Oxalic Acid Storage Tank Fabricated Equipment 
VF-201 Rotary drum vacuum filter Fabricated Equipment 
RK-201 Rotary kiln Fabricated Equipment 
CB-201 Conveyor Belt System Process Machinery 
CB-202 Conveyor Belt 2 Process Machinery 
CB-203 Conveyor Belt 3 Process Machinery 
CB-204 Grasshopper conveyor Process Machinery 
P-201 Pump (P-201) Process Machinery 
P-202 Pump (P-202) Process Machinery 
P-203 Pump (P-203) Process Machinery 
P-204 Slurry Pump Process Machinery 
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14.2 Unit descriptions 
 Fermentation 
14.2.1.1 Blending Storage Tank (V-101/V-102) 
 
            Two 86,943.06 L blending storage tank made of 316 Stainless Steel will be used to 
prepare Pikovskaya’s broth amended with 90 g/L of glucose at 20oC and 1 bar, according to t 
Two 86,943.06 L blending storage tank made of 316 Stainless Steel will be used to prepare 
Pikovskaya’s broth amended with 90 g/L of glucose at 20oC and 1 bar.  
For every batch process, these two tanks will be charged with material required to 
produce 130,000 L worth of Pkm broth at a rate of 500,000 L/hr (506,206 kg/hr). The solution 
will be agitated for 5 hours using 61 kW-h of power in order to ensure all the minerals are full 
dissolved. The media will run through the sterilization process described in Section 15.3.8 before 
entrance into the bioreactors to ensure no contaminants are introduced into the system. This 
blending tank was estimated to cost $260,000.00 according to SuperPro Designer’s built-in cost 
model. 
14.2.1.2 Sterilizers (ST-101/ST-102) 
            Media sterilization before fermentation is needed to ensure that no contamination occurs. 
This is achieved using a continuous sterilizer made of 316 Stainless Steel with a 29,250 L/hr 
throughput, heated to 140oC using steam and then cooled to 25oC using cooling water before 
moving on to the next unit. This process is repeated for each reactor in the seed train and 
therefore varies is heating and cooling requirement based on working volume. The total 
requirement for all reactors, per batch is 4 MT of steam and 499 MT of cooling water. This 
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blending tank was estimated to cost $ 689,000.00 according to SuperPro Designer’s built-in cost 
model. 
A parallel process is repeated for bio lixiviant sterilization before continuing on to the 
leaching process. This is achieved using a continuous sterilizer with a 31,015 L/hr throughput, 
heated to 140oC using steam and then cooled to 25oC using cooling water before moving on to 
the next unit. The total requirement per batch is 3 MT of steam and 376 MT of cooling water. 
This blending tank was estimated to cost $702,000.00 according to SuperPro Designer’s built-in 
cost model. 
14.2.1.3 Shake Flask Bioreactor (SFR-101) 
The initial cell culture in grown in Pkm media with 2 g/L of glucose that is sterilized 
before beginning. A CFU from the agar slant with live NRRL B58 Gluanobacter oxydans 
culture, purchased from DSMZ Leibniz Institute, is isolated and inoculated. The reactor is kept 
in a shaking incubator held at 32oC with an open, filter top to provide oxygen source and carbon 
dioxide release. Based on lab scale data, this process is grown for 20 hours. This shake flask was 
estimated to cost $1.80 and needs to be replaced per campaign (5 times a year) according to 
SuperPro Designer’s built-in cost model.   
14.2.1.4 1.75 L Seed Batch Bioreactor (SBR-101) 
A custom-made 1.75 bioreactor (based on scale up of the lab-scale BioFlo 320 reactor, 
Appendix B) supplied by SYSBiOTECH is used as the first seed reactor train. This reactor 
model is equipped with the piping needed for heating and cooling, a compressor for aeration, gas 
release vent with a filter, a motor for agitation, and a built in clean-in-place (CIP) and steam-in-
place (SIP) unit (refer to Appendix B). 
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1.3 L of media is transferred from the sterilizer into the reactor at a rate of 14.07 L/hr 
(14.16 kg/hr) then cooled to 20oC before adding the culture from SFR-101 into the reactor at a 
rate of 1.56 L/hr (1.54 kg/hr), not exceeding 75% of the total reactor volume. The combined 
components are heated to 32oC at a rate of 0.5 oC/min. Fermentation consists of aeration and 
agitation at a rate of 1.24 vvm and 661 rpm (calculations shown in Appendix A) for 5.92 hours, 
until the gluconic acid concentration reaches 0.435 M of gluconic acid. The suspension is cooled 
to 20oC to control cell growth during transportation and pumped out to the next reactor at a rate 
of 5.21 L/hr (5.27 kg/hr). After this, the reactor is flushed with 341.77 L of water using the CIP 
system and 0.08 kg of steam using the SIP system for sterilization.    
 The total power used due to agitation is 0.18 W-h/batch and 0.64W-h/batch due to 
aeration. The steam requirement due to SIP and heating is 0.12 kg/batch and the cooling 
requirement is 7.06 kg/batch of chilled water. The bioreactor was estimated to cost $106,000 and 
needs to be according to SuperPro Designer’s built-in cost model. 
14.2.1.5 17.4 L Seed Batch Bioreactor (SBR-102) 
A custom-made 17.4 bioreactor (based on scale up of the lab-scale BioFlo 320 reactor, 
Appendix B) supplied by SYSBiOTECH is used as the first seed reactor train. This reactor 
model is equipped with the piping needed for heating and cooling, a compressor for aeration, gas 
release vent with a filter, a motor for agitation, and a built in clean-in-place (CIP) and steam-in-
place (SIP) unit (refer to Appendix B). 
13 L of media is transferred from the sterilizer into the reactor at a rate of 200 L/hr 
(201.06 kg/hr) then cooled to 20oC before adding the culture from SBR-101 into the reactor at a 
rate of 5.21 L/hr (5.27 kg/hr), not exceeding 75% of the total reactor volume. The combined 
components are heated to 32oC at a rate of 0.5 oC/min. Fermentation consists of aeration and 
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agitation at a rate of 0.57 vvm and 397 rpm (calculations shown in Appendix A) for 5.92 hours, 
until the gluconic acid concentration reaches 0.492 M of gluconic acid The suspension is cooled 
to 20oC to control cell growth during transportation and pumped out to the next reactor at a rate 
of 13.05 L/hr (13.21 kg/hr). After this, the reactor is flushed with 736 L of water using the CIP 
system and 0.87 kg of steam using the SIP system for sterilization.   
 The total power used due to agitation is 9.7 W-h/batch and 6.4 W-h/batch due to 
aeration. The steam requirement due to SIP and heating is 0.87 kg/batch and the cooling 
requirement is 51.7 kg/batch of chilled water. The bioreactor was estimated to cost $126,000 and 
needs to be according to SuperPro Designer’s built-in cost model. 
14.2.1.6 175 L Seed Batch Bioreactor (SBR-103) 
A custom-made 175 bioreactor (based on scale up of the lab-scale BioFlo 320 reactor, 
Appendix B) supplied by SYSBiOTECH is used as the first seed reactor train. This reactor 
model is equipped with the piping needed for heating and cooling, a compressor for aeration, gas 
release vent with a filter, a motor for agitation, and a built in clean-in-place (CIP) and steam-in-
place (SIP) unit (refer to Appendix B). 
130.4 L of media is transferred from the sterilizer into the reactor at a rate of 2,000 L/hr 
(2010.60 kg/hr) then cooled to 20oC before adding the culture from SBR-102 into the reactor at a 
rate of 3,000 L/hr (3,036 kg/hr), not exceeding 75% of the total reactor volume. The combined 
components are heated to 32oC at a rate of 0.5 oC/min. Fermentation consists of aeration and 
agitation at a rate of 0.27 vvm and 238 rpm (calculations shown in Appendix A) for 5.92 hours, 
until the gluconic acid concentration reaches 0.496 M of gluconic acid. The suspension is cooled 
to 20oC to control cell growth during transportation and pumped out to the next reactor at a rate 
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of 130.54 L/hr (132.13 kg/hr). After this, the reactor is flushed with 1586.86 L of water using the 
CIP system and 8.74 kg of steam using the SIP system for sterilization.   
 The total power used due to agitation is 88 W-h/batch and 64.6 W-h/batch due to 
aeration. The steam requirement due to SIP and heating is 8.7 kg/batch and the cooling 
requirement is 117 kg/batch of chilled water. The bioreactor was estimated to cost $608,000 and 
needs to be according to SuperPro Designer’s built-in cost model. 
14.2.1.7 1,749 L Seed Batch Bioreactor (SBR-104) 
A custom-made 1,749 bioreactor (based on scale up of the lab-scale BioFlo 320 reactor, 
Appendix A) supplied by SYSBiOTECH is used as the first seed reactor train. This reactor 
model is equipped with the piping needed for heating and cooling, a compressor for aeration, gas 
release vent with a filter, a motor for agitation, and a built in clean-in-place (CIP) and steam-in-
place (SIP) unit (refer to Appendix B). 
1,303 L of media is transferred from the sterilizer into the reactor at a rate of 20,000 L/hr 
(20,106 kg/hr) then cooled to 20oC before adding the culture from SBR-103 into the reactor at a 
rate of 3,000 L/hr (3,364 kg/hr), not exceeding 75% of the total reactor volume. The combined 
components are heated to 32oC at a rate of 0.5 oC/min. Fermentation consists of aeration and 
agitation at a rate of 0.12 vvm and 143 rpm (calculations shown in Appendix A) for 5.92 hours, 
until the gluconic acid concentration reaches 0.497 M of gluconic acid The suspension is cooled 
to 20oC to control cell growth during transportation and pumped out to the next reactor at a rate 
of 30,000 L/hr (30,364 kg/hr). After this, the reactor is flushed with 3,418 L of water using the 
CIP system and 87.43 kg of steam using the SIP system for sterilization.   
The total power used due to agitation is 0.82 kW-h/batch and 0.65 kW-h/batch due to 
aeration. The steam requirement due to SIP and heating is 87.4 kg/batch and the cooling 
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requirement is 5.2 MT/batch of chilled water. The bioreactor was estimated to cost $1,225,000 
and needs to be according to SuperPro Designer’s built-in cost model. 
14.2.1.8 17,487 L Seed Batch Bioreactor (SBR-105) 
A custom-made 17,487 bioreactor (based on scale up of the lab-scale BioFlo 320 reactor, 
Appendix A) supplied by SYSBiOTECH is used as the first seed reactor train. This reactor 
model is equipped with the piping needed for heating and cooling, a compressor for aeration, gas 
release vent with a filter, a motor for agitation, and a built in clean-in-place (CIP) and steam-in-
place (SIP) unit (refer to Appendix B). 
13,037 L of media is transferred from the sterilizer into the reactor at a rate of 200,000 
L/hr (201,061 kg/hr) then cooled to 20oC before adding the culture from SBR-104 into the 
reactor at a rate of 30,000 L/hr (30,364 kg/hr), not exceeding 75% of the total reactor volume. 
The combined components are heated to 32oC at a rate of 0.5 oC/min. Fermentation consists of 
aeration and agitation at a rate of 0.06 vvm and 85 rpm (calculations shown in Appendix A) for 
5.92 hours, until the gluconic acid concentration reaches 0.497 M of gluconic acid. The 
suspension is cooled to 20oC to control cell growth during transportation and pumped out to the 
next reactor at a rate of 30,000 L/hr (30,364 kg/hr), After this, the reactor is flushed with 7,366 L 
of water using the CIP system and 874.4 kg of steam using the SIP system for sterilization.   
The total power used due to agitation is 7.78 kW-h/batch and 6.46 kW-h/batch due to 
aeration. The steam requirement due to SIP and heating is 0.89 MT/batch and the cooling 
requirement is 52.5 MT/batch of chilled water. The bioreactor was estimated to cost $1,885,000 
and needs to be according to SuperPro Designer’s built-in cost model. 
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14.2.1.9 74,875 L Batch Bioreactor (BR-106) 
A custom-made 174,875 bioreactor (based on scale up of the lab-scale BioFlo 320 
reactor, Appendix A) supplied by SYSBiOTECH is used as the first seed reactor train. This 
reactor model is equipped with the piping needed for heating and cooling, a compressor for 
aeration, gas release vent with a filter, a motor for agitation, and a built in clean-in-place (CIP) 
and steam-in-place (SIP) unit (refer to Appendix B). 
129,829 L of media is transferred from the sterilizer into the reactor at a rate of 30,000 
L/hr (30,159 kg/hr) then cooled to 20oC before adding the culture from SBR-105 into the reactor 
at a rate of 30,000 L/hr (30,364 kg/hr), not exceeding 75% of the total reactor volume. The 
combined components are heated to 32oC at a rate of 0.5 oC/min. Fermentation consists of 
aeration and agitation at a rate of 0.4 vvm and 51 rpm (calculations shown in Appendix A) for 
5.92 hours, until the gluconic acid concentration reaches 0.497 M of gluconic acid. The 
suspension is cooled to 20oC to control cell growth during transportation and pumped out to the 
next reactor at a rate of 30,000 L/hr (30,364 kg/hr), After this, the reactor is flushed with 3,418 L 
of water using the CIP system and 87.43 kg of steam using the SIP system for sterilization.   
The total power used due to agitation is 0.82 kW-h/batch and 0.65 kW-h/batch due to 
aeration. The steam requirement due to SIP and heating is 874 MT/batch and the cooling 
requirement is 705 MT/batch of chilled water. The bioreactor was estimated to cost $7,127,000 
and needs to be according to SuperPro Designer’s built-in cost model.  
14.2.1.10 Microfilter (MF-101) 
A feed-and-bleed, crossflow microfilter constructed of 316 Stainless Steel is used to 
separate biomass and undissolved particles from the cell suspension using a polyether sulphone 
membrane with a 1550.27 m2 that traps the solid waste and has to be replaced every 5 years. This 
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membrane has a pore size of 0.45 . that is smaller than the size of glucanobacter oxydan cell. 
Once wasted, the membranes are dried and scheduled for pickup as biohazard waste. In a regular 
operating year, approximately 530 kg of biomass would be produced annually. The power 
requirement is 1,240 kW-hr/batch to account for the pressure drop across the unit.   
14.2.1.11 Surge tank (SU-101) 
A surge tank is used to store gluconic acid coming from the batch reactors, while at the 
same time feeding it continuously to a mixer. It is designed for the volume of 5 batches. It is a 
carbon steel, horizontal open tank with volume of 624 m3 (164,758 gal) . It has a height of 63 ft 
and a diameter of 21 ft. The total bare-module cost is $72,602.  
14.2.1.12 Mixer (M-101) 
This mixer is used to dilute the gluconic acid solution produced upstream (S-141) to the 
desired concentration for leaching. A stream with pure water (S-142) is mixed for 2 hours with 
stream S-141 to produce stream S-143 with 0.22 M concentration of gluconic acid. The carbon 
steel vessel has a volume of 935 gal, a height of 8.6 ft, a diameter of 4.3 ft and a wall thickness 
of 0.5 in. It weighs 5886 lbs. It is equipped with an agitator which uses 0.8 Hp and costs $3,565. 
The mixer’s total bare-module cost is $289,930. 
 Leaching 
14.2.2.1 Conveyor Belts for PG transport (CB-201) 
This project envisions positioning the heap leaching facility onsite of either a phosphate 
rock processing facility, where PG is produced as waste, or a short distance from a PG waste 
stack. In either case, a system of 2 conveyor belts are used to transport the solid waste from the 
hypothetical storage site to the grasshopper conveyor. Each conveyor belt has a length of 300 ft, 
width of 24 in, an energy requirement 63.25 Hp, and a total cost of $283,000. The system will be 
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equipped with a screw feeder capable of releasing 80 lbs PG /s (3100 metric tons PG / day) onto 
the conveyor system, costing $21,000.  
14.2.2.2 Grasshopper Conveyor (CB-204) 
The grasshopper conveyor is a portable conveyor unit capable of precise and controlled 
placement of PG in stacks directly on the heap pad. Grasshopper conveyors are typically used in 
this scale of operation and eliminate the need of loaders, trucks, fuel, and numerous technical 
personnel, minimizing operating and capital costs. The grasshopper conveyor chosen for this 
operation is manufactured by Goodfellow Corporation, has a width of 36 inches, and comes in 3 
detachable pieces of 70 ft conveyors totaling 210 ft. Such a feature supplements precision of 
placement. The total bare-module cost of the unit is $169,000. 
14.2.2.3 Irrigator (IR-101) 
 Senninger Mining Xcel-Wobbler, High Angle→ Sprinklers are used to irrigate the 
biolixiviant on the PG stacks placed on top of the heap pad and were chosen for their low cost, 
large range of irrigation, and because they minimize losses due to evaporation. 1978 sprinklers, 
each with able to cover approximately 1650 ft2, are necessary to effectively irrigate all segments 
of the heap pad with a minimum of 13 L/hr/m^2 of lixiviant. WINSIPPTM3, leaching software 
offered by Senninger, can be used to better approximate the number, spacing, and height of 
sprinkler units necessary for an input leaching operation. The program assists with scheduling 
and controlling which areas of the pad will be leached, a functionality necessary for this design. 
The total bare-module cost for all necessary sprinklers is $26,000. 
14.2.2.4 Heap Pad (HL-201) 
The heap pad serves as the site of leaching operations, providing the infrastructure 
necessary to support and effectively leach the PG stack. Before construction and placement of 
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the materials that comprise the pad, it’s likely necessary to perform preliminary earthwork to 
prepare the heap site. Specifically, depending on the site, removing vegetation, topsoil, and 
building edge berms and ditches to minimize the spread of runoff are common practice. The first 
component placed, serving as the bottom most layer of the pad, is a layer of geotextile fabric. 
The fabric helps ensure good contact between the pad and the underlying soil and serves to 
minimize seepage of leachate into the ground. The next component is 300 mm of low 
permeability engineered soil, approximately 10-6 cm/s, which aids in minimizing leakage. Lying 
on top of the engineered soil is a 2 mm thick layer of high-density polyethylene (HDPE) which 
has the mechanical strength to remain intact under a heap 150 meters high. The next section of 
the pad is lined with pipes which sit at the bottom of a meter of gravel, a system designed to 
directly support the stack and collect the leachate that permeates through the stack. The heap pad 
is also equipped with additional piping to serve as a limited leak detection system.  By the end of 
the 15 years of operation, the have an average length, width, and height of 2200 ft, 130 ft, and 
115 ft respectively, weighing approximately 15.6 million MT. The total bare-module cost of the 
heap pad is $9,430,000. 
14.2.2.5 Pregnant solution pond (PD-202) 
The pregnant pond will store leachate collected from the heap pad. The total volume of 
the pond is 30,000 m3 (8 million gallons) and is 5ft deep, able to store 25% more than 30 days’ 
worth of leachate collection. The pregnant pond will store the leachate during the plant’s yearly 
scheduled 30-day shutdown period. Earthwork is necessary for preparation of the pond, which is 
lined with the same 2 mm thick layer (HDPE) used for the heap pad to prevent leakage. The 
steady state live volume of the pond is approximately 4.2 million L, representing 5 days’ worth 
of leachate. The total bare-module cost of the pond is $417,000. 
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14.2.2.6 Barren Pond (PD-201) 
The barren solution pond will serve as the storage for reformed and recovered lixiviant as 
well as fresh lixiviant from the upstream fermentation process. The total volume of the pond is 
47 million L (12.5 million gallons) and is 5ft deep, able to store 10% more than the entirety of 
the inventory solution circulating in the downstream process. It will be used to store the lixiviant 
during the startup phase of plant operation. Earthwork is also necessary for preparation of this 
pond, which is lined with the same 2 mm thick layer (HDPE) used for the heap pad and pregnant 
solution pond to prevent leakage. The steady state live volume of the pond is approximately 2.5 
million L, representing 3 days’ worth of lixiviant in the event that the pond is unable to be 
resupplied. The total bare-module cost of the pond is $640,000. 
 Rare earths oxides synthesis 
14.2.3.1 Conveyor Belts (CB-202, CB-203) 
Conveyor belts are used to transport solids from/to different units downstream. While one 
conveyor belt is used to transport solid oxalic acid from the storage tank to the crystallizer, 
another conveyor belt is used to transport the rare earth oxalates filter cake from the rotary drum 
vacuum filter to the rotary kiln. Each conveyor has a width of 24 in and length of 100 ft. Due to 
low flowrates of solids to be transported, their energy requirements are negligible (0.003 Hp and 
0.004 Hp). Their individual total bare-module cost is $94,282.  
14.2.3.2 Storage tank for oxalic acid (ST-201) 
A storage tank is used to store solid oxalic which is fed to the crystallizer. It is a 
horizontal open tank, designed to store the oxalic acid needed for 45 days of operation, which 
dictates the scheduling of oxalic acid deliveries as well. It has a height of 30 ft and a diameter of 
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10 ft, and the material used is fiberglass due to its resistance to potential corrosion caused by 
oxalic acid. The total bare-module cost is $33,570.  
14.2.3.3 Crystallizer (C-201) 
This crystallizer is a stainless-steel jacketed vessel equipped with an agitator, used to 
react the REEs leached with gluconic acid, which are present in stream S-204,  with solid oxalic 
acid (S-205). Its estimated volume of 2450 ft3 is based on a total residence time of 100 minutes 
(70 minutes for precipitation, 30 minutes for solid oxalic acid dissolution) and on the assumption 
that the vessel is 80% full. Based on an aspect ratio of 3, the length is 65 ft and the diameter is 22 
ft. The crystallizer’s operating temperature is kept constant at 25°C via a cooling jacket. The 
energy requirement for the agitator is 15 Hp and its cost is $19,217. The crystallizer’s total bare-
module cost is $575,314. 
14.2.3.4 Rotary drum vacuum filter (VF-201) 
 This filter is used to separate rare earth oxalates solids that form during the reactive 
crystallization step from the gluconic acid liquid solution which is recycled back to the leaching 
step. The slurry (stream S-206) is sent to this filter for rotary vacuum filtration. The filter is 
equipped with a scraper which discharges the filter cake on a conveyor belt, which is then sent to 
the rotary kiln via stream S-208, while the filtrate is recycled back (S-207).The vacuum pump 
works by passing 1m3/min of air through the filter cake and produces a negligible pressure 
difference to drive the liquid out of the filter cake. The material of construction is carbon steel, 
the length is 9 ft, diameter is 6 ft and the filtering area is estimated 170 ft2. The electrical motor 
used to rotate the filter requires 10 Hp and has a cost of $2,334. The rotary drum vacuum filter 
has a total bare-module cost of $501,379. 
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14.2.3.5 Rotary kiln (RK-201) 
A rotary kiln is used to thermally decompose the rare earth oxalate mixture and obtain the 
final product in the form of rare earth oxide mixture. The kiln is modeled as two concentric 
horizontal pressure vessels, with the assumption that the inner tube is 30% full. The volume of 
the inner vessel is 303 gallons, the length of the kiln is 17.3 ft and the diameter of the inner tube 
is 1.7 ft. The construction material is stainless steel and the energy requirement is approximately 
2 MM BTU/hr. To allow enough space for combustion of fuel and gas circulation in the outer 
shell, an additional 6 in are added to the radius of the inner vessel, resulting in an outer shell 
diameter of 2.7 ft. The rotary kiln is set on an incline to allow the solid products to exit out at the 
bottom, while the product gases circulate and flow out the top. The energy requirement of the 
electrical motor that rotates the kiln is 10 Hp and its cost is $2,334. The total bare module cost of 
the rotary kiln is estimated $527,334.  
14.2.3.6 Pumps (P-201, P-202, P-203, P-204) 
There are 4 stainless steel pumps in the downstream process. Since design details 
regarding piping is beyond the scope of this project, the project, upon consultation, has assumed 
100 ft of head loss between each major process. The pumps are constructed with stainless steel to 
prevent any damage due to corrosion. There are no losses in mass associated with pumps and the 
compositions of the feeds and effluents from each unit are constant.  
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15.  Specification Sheets 
Reactor (SFR-101) 
Identification:  
Item  2000 mL Shake Flask Reactor   
Item No  SFR-101     
No. Required  5     
Function:  Inoculate NRRL B58 Glucanobacter oxydans 
Operation:  Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-101 S-102 S-103 S-104 S-105 
Quantity kg/batch  0.13 0 0.4 0.4 0.13 
Temperature  oC 25 25 25 32 32 
Pressure  atm 1 1 1 1 1 
Phase    liquid  solid gas gas liquid 
Composition  (mass frac)        
Ammonium sulfate 0 0 0 0 0 
Biomass 0 0 0 0 0 
Calcium Chloride Hydrate  0 0 0 0 0 
Carbon Dioxide  0 0 0 0 0 
Ferrous Sulfate 0 0 0 0 0 
Glucose  0 0 0 0 0 
Potassium Phosphate  0 0 0 0 0 
Potassium Chloride 0 0 0 0 0 
Manganese Sulfate 0 0 0 0 0 
Magnesium sulfate 0 0 0 0 0 
Nitrogen 0 0 0.31 0.31 0 
Oxygen  0 0 0.09 0.09 0 
Water  0.13 0 0 0 0.13 
Yeast extract 0 0 0 0 0 
Design Data:  
Reactor type    Shake Flask   Vessel Volume    2 L 
Material of Construction  Glass   Max working volume  75% 
Cost Information:  
Purchas Cost per unit    $1.80      
Total Cost (all units)      $9.00      
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Reactor (SBR-101) 
Identification:  
Item  
Stirred Tank 
Bioreactor    
Item No  SBR-101     
No. Required  1     
Function:  First batch culture in seed train scale up process 
Operation:  Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-105 S-108 S-109 S-110 S-111 
Flowrate  kg/batch  0.13 1.18 0.73 0.72 1.32 
Temperature  oC 32 32 25 32 20 
Pressure  atm 1.01 4.05 1.01 1.01 0.96 
Phase    liquid  liquid gas gas liquid 
Composition  (mass frac)         
Ammonium sulfate 0.00 0.00 0.00 0.00 0.00 
Biomass 0.00 0.00 0.00 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 0.00 0.00 0.00 
Carbon Dioxide  0.00 0.00 0.00 0.00 0.00 
Ferrous Sulfate 0.00 0.00 0.00 0.00 0.00 
Gluconic Acid 0.00 0.00 0.00 0.00 0.08 
Glucose  0.00 0.09 0.00 0.00 0.00 
Potassium Phosphate  0.00 0.00 0.00 0.00 0.00 
Potassium Chloride 0.00 0.00 0.00 0.00 0.00 
Manganese Sulfate 0.00 0.00 0.00 0.00 0.00 
Magnesium sulfate 0.00 0.00 0.00 0.00 0.00 
Nitrogen 0.00 0.00 0.77 0.77 0.00 
Oxygen  0.00 0.00 0.23 0.23 0.00 
Water  1.00 0.91 0.00 0.00 0.91 
Yeast extract 0.00 0.00 0.00 0.00 0.00 
Design Data:  
Reactor Type    Stirred Tank    Material of Construction  SS316/SS304 
Vessel Volume    1.75 L    Impeller Type    Rushton, 6-blade 
Max working volume  75%   Impeller Quantity  2 
Vessel Diameter    0.1 m    Impeller Diameter 0.41 m 
Vessel Height    0.21 m    Impeller Spacing  0.1 m  
Utilities: 
Power (due to agitation) 0.18 W-h/batch   Steam    0.12 kg/batch  
Power (due to aeration)    0.64 W-h/batch    Chilled water   7.06 kg/batch  
Cost Information:  
Purchas Cost per unit      $106,000.00 
Bare Module Cost per unit      $440,960.00 
Total Bare Module Cost (all units)    $440,960.00 
Notes: 
System is custom made by SYSBiOTECH and includes CIP/SIP cleaning system, temperature, pH, pO2, and OD 
sensors and a C-BIO2TM control system. Equipped with and fittings, piping for cooling water and steam, and a 
built-in aeration and agitation unit (See Appendix B). 
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Reactor (SBR-102) 
Identification:  
Item  
Stirred Tank 
Bioreactor    
Item No  SBR-102     
No. Required  1     
Function:  Second batch culture in seed train scale up process 
Operation:  Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-111 S-113 S-114 S-115 S-116 
Flowrate  kg/batch  1.32 11.81 3.38 3.31 13.21 
Temperature  oC 20 35 25 32 20 
Pressure  atm  0.96 4.05 1.01 1.01 0.96 
Phase    liquid  liquid gas gas liquid 
Composition  (mass frac)         
Ammonium sulfate 0.00 0.00 0.00 0.00 0.00 
Biomass 0.00 0.00 0.00 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 0.00 0.00 0.00 
Carbon Dioxide  0.00 0.00 0.00 0.00 0.00 
Ferrous Sulfate 0.00 0.00 0.00 0.00 0.00 
Gluconic Acid 0.08 0.00 0.00 0.00 0.10 
Glucose  0.00 0.09 0.00 0.00 0.00 
Potassium Phosphate  0.00 0.00 0.00 0.00 0.00 
Potassium Chloride 0.00 0.00 0.00 0.00 0.00 
Manganese Sulfate 0.00 0.00 0.00 0.00 0.00 
Magnesium sulfate 0.00 0.00 0.00 0.00 0.00 
Nitrogen 0.00 0.00 0.77 0.77 0.00 
Oxygen  0.00 0.00 0.23 0.23 0.00 
Water  0.91 0.91 0.00 0.00 0.90 
Yeast extract 0.00 0.00 0.00 0.00 0.00 
Design Data:  
Reactor Type    Stirred Tank    Material of Construction  SS316/SS304 
Vessel Volume    17.4 L   Impeller Type    Rushton, 6-blade 
Max working volume  75%   Impeller Quantity 2 
Vessel Diameter    0.22 m   Impeller Diameter 0.09 m 
Vessel Height    0.45 m   Impeller Spacing  0.22 m 
Utilities: 
Power (due to agitation) 9.7 W-h/batch   Steam    0.87 kg batch  
Power (due to aeration)    6.45 W-h/batch   Chilled water   51.7 kg/batch  
Cost Information:  
Purchas Cost per unit      $126,000.00 
Bare Module Cost per unit      $524,160.00 
Total Bare Module Cost (all units)    $524,160.00 
Notes: 
System is custom made by SYSBiOTECH and includes CIP/SIP cleaning system, temperature, pH, pO2, and 
OD sensors and a C-BIO2TM control system. Equipped with and fittings, piping for cooling water and steam, 
and a built-in aeration and agitation unit (See Appendix B). 
 
 70 
Reactor (SBR-103) 
Identification:  
Item  Stirred Tank Bioreactor    
Item No  SBR-103     
No. Required  1     
Function:  Third batch culture in seed train scale up process 
Operation:  Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-116 S-118 S-119 S-120 S-121 
Flowrate  kg/batch  13.21 118.08 15.65 14.96 132.13 
Temperature  oC 20 35 25 32 20 
Pressure  atm  0.96 4.05 1.01 1.01 0.96 
Phase    liquid  liquid gas gas liquid 
Composition  (mass frac)         
Ammonium sulfate 0.00 0.00 0.00 0.00 0.00 
Biomass 0.00 0.00 0.00 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 0.00 0.00 0.00 
Carbon Dioxide  0.00 0.00 0.00 0.00 0.00 
Ferrous Sulfate 0.00 0.00 0.00 0.00 0.00 
Gluconic Acid 0.10 0.00 0.00 0.00 0.10 
Glucose  0.00 0.09 0.00 0.00 0.00 
Potassium Phosphate  0.00 0.00 0.00 0.00 0.00 
Potassium Chloride 0.00 0.00 0.00 0.00 0.00 
Manganese Sulfate 0.00 0.00 0.00 0.00 0.00 
Magnesium sulfate 0.00 0.00 0.00 0.00 0.00 
Nitrogen 0.00 0.00 0.77 0.77 0.00 
Oxygen  0.00 0.00 0.23 0.23 0.00 
Water  0.90 0.91 0.00 0.00 0.90 
Yeast extract 0.00 0.00 0.00 0.00 0.00 
Design Data:  
Reactor Type    Stirred Tank    Material of Construction  SS316 
Vessel Volume    174.87 L   Impeller Type    Rushton, 6-blade 
Max working volume  75%   Impeller Quanitity  2 
Vessel Diameter    0.48 m    Impeller Diameter 0.19 m 
Vessel Height    0.96 m    Impeller Spacing  0.48 m  
Utilities: 
Power (for agitation)  88 W/batch   Steam    8.7 kg/batch  
Power (for aeration)  64.6 W/batch    Chilled Water    117 kg/batch 
Cost Information:  
Purchase Cost per unit      $608,000.00 
Bare Module Cost per unit      $2,529,280.00 
Total Bare Module Cost (all units)    $2,529,280.00 
Notes: 
System is custom made by SYSBiOTECH and includes CIP/SIP cleaning system, temperature, pH, pO2, and OD 
sensors and a C-BIO2TM control system. Equipped with and fittings, piping for cooling water and steam, and a 
built-in aeration and agitation unit (See Appendix B). 
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Reactor (SBR-104) 
Identification:  
Item  Stirred Tank Bioreactor    
Item No  SBR-104     
No. Required  1     
Function:  Fourth batch culture in seed train scale up process 
Operation:  Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-121 S-123 S-124 S-125 S-126 
Flowrate  kg/batch  132.13 1180.76 72.36 65.47 1321.34 
Temperature  oC 20 35 25 32 20 
Pressure  atm  0.96 4.04 1.01 1.01 0.96 
Phase    liquid  liquid gas gas liquid 
Composition  (mass frac)         
Ammonium sulfate 0.00 0.00 0.00 0.00 0.00 
Biomass 0.00 0.00 0.00 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 0.00 0.00 0.00 
Carbon Dioxide  0.00 0.00 0.00 0.00 0.00 
Ferrous Sulfate 0.00 0.00 0.00 0.00 0.00 
Gluconic Acid 0.10 0.00 0.00 0.00 0.10 
Glucose  0.00 0.09 0.00 0.00 0.00 
Potassium Phosphate  0.00 0.00 0.00 0.00 0.00 
Potassium Chloride 0.00 0.00 0.00 0.00 0.00 
Manganese Sulfate 0.00 0.00 0.00 0.00 0.00 
Magnesium sulfate 0.00 0.00 0.00 0.00 0.00 
Nitrogen 0.00 0.00 0.77 0.77 0.00 
Oxygen  0.00 0.00 0.23 0.23 0.00 
Water  0.90 0.91 0.00 0.00 0.90 
Yeast extract 0.00 0.00 0.00 0.00 0.00 
Design Data:  
Reactor type    Stirred Tank    Material of Construction  SS316 
Design Pressure   1.52 bar   Design Temperature  143 C 
Vessel Volume    1.75 L    Impeller Type    Rushton, 6-blade 
Max working volume  75%   Impeller Quantity  2 
Vessel Diameter    1.04 m    Impeller Diameter 1.04 m 
Vessel Height    2.07 m    Impeller spacing  1.04 m  
Utilities: 
Power (for agitation) 0.82 kW-h/batch  Steam  87.4 kg/batch  
Power (for aeration) 0.65 kW-h/batch   Chilled water  5,250 kg/batch 
Cost Information:  
Purchase Cost per unit    $1,225,000.00 
Bare Module Cost per unit    $5,096,000.00 
Total Bare Module Cost (all units)   $5,096,000.00 
Notes: 
System is custom made by SYSBiOTECH and includes CIP/SIP cleaning system, temperature, pH, pO2, and OD 
sensors and a C-BIO2TM control system. Equipped with and fittings, piping for cooling water and steam, and a 
built-in aeration and agitation unit (See Appendix B). 
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Reactor (BR-106) 
Identification:  
Item  Stirred Tank Bioreactor  
Item No  SBR-106     
No. Required  1     
Function:  Bioreactor to produce biolixiviant  
Operation:  Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-131 S-133 S-134 S-135 S-136 
Flowrate  kg/batch  13213.44 118075.65 3460.52 2772.65 132134.39 
Temperature  oC 20 35 25 32 20 
Pressure  atm  0.96 3.12 1.01 1.01 0.96 
Phase    liquid  liquid gas gas liquid 
Composition  (mass frac)         
Ammonium sulfate 0.00 0.00 0.00 0.00 0.00 
Biomass 0.00 0.00 0.00 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 0.00 0.00 0.00 
Carbon Dioxide  0.00 0.00 0.00 0.00 0.00 
Ferrous Sulfate 0.00 0.00 0.00 0.00 0.00 
Gluconic Acid 0.10 0.00 0.00 0.00 0.10 
Glucose  0.00 0.09 0.00 0.00 0.00 
Potassium Phosphate  0.00 0.00 0.00 0.00 0.00 
Potassium Chloride 0.00 0.00 0.00 0.00 0.00 
Manganese Sulfate 0.00 0.00 0.00 0.00 0.00 
Magnesium sulfate 0.00 0.00 0.00 0.00 0.00 
Nitrogen 0.00 0.00 0.77 0.77 0.00 
Oxygen  0.00 0.00 0.23 0.23 0.00 
Water  0.90 0.91 0.00 0.00 0.90 
Yeast extract 0.00 0.00 0.00 0.00 0.00 
Design Data:  
Reactor type    Stirred Tank    Material of Construction  SS316/SS304 
Design Pressure   1.52 bar   Design Temperature  143 C 
Vessel Volume    174,875.69 L   Impeller type    Rushton, 6-blade 
Max working volume  75%   Impeller quantity  2 
Vessel Diameter    4.81 m   Impeller Diameter 1.92 m 
Vessel Height    9.62 m    Impeller spacing    4.81 m 
Utilities: 
Power (due to agitation) 213 kW-h/batch   Steam    874 kg/batch  
Power (due to aeration)  92.2 kW-h/batch   Chilled water   705 MT/batch 
Cost Information:  
Purchas Cost per unit      $7,127,000.00 
Bare Modules Cost per unit      $29,648,320.00 
Total Bare Module Cost (all units)    $29,648,320.00 
Notes: 
System is custom made by SYSBiOTECH and includes CIP/SIP cleaning system, temperature, pH, pO2, and 
OD sensors and a C-BIO2TM control system. Equipped with and fittings, piping for cooling water and steam, 
and a built-in aeration and agitation unit (See Appendix B). 
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Microfilter (MF-101) 
Identification:  
Item  Cross Flow Microfilter 
Item No  MF-101   
No. Required  1   
Function:  Remove biomass from gluconic acid solution 
Operation:  Semi-Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-136 S-137 S-138 
Flowrate  kg/batch  132,134.39 125,435.59 6,698.80 
Temperature  oC 20 20.85 20.85 
Pressure  atm  0.96 0.96 0.96 
Phase    liquid  liquid liquid 
Composition  (mass frac)        
Ammonium sulfate 64.37 0 64.37 
Biomass 3.64 0 3.64 
Calcium Chloride Hydrate  9.14 0 9.14 
Carbon Dioxide  0 0 0 
Ferrous Sulfate 0.01 0 0.01 
Gluconic Acid 12,727.43 12,101.84 625.5832791 
Glucose  0.00 0 0 
Potassium Phosphate  47.25 0 47.25 
Potassium Chloride 12.87 0 12.87 
Manganese Sulfate 12.87 0 12.87 
Magnesium sulfate 0.01 0 0.01 
Nitrogen 0 0 0 
Oxygen  0 0 0 
Water  119,282.21 113,419.13 5,863.08 
Yeast extract 64.37 0 64.37 
Design Data:  
Material of Construction SS316  Pore size  0.45 µ 
Membrane Material  PES/PVP Membrane Area  1550.27 m^2 
Utilities: 
Power        1,240 kW-h/batch 
Cost Information:  
Purchase Cost per unit    $798,000.00 
Bare Module Cost per unit    $1,851,360.00 
Total Bare Module Cost (all units)  $1,851,360.00 
Notes: 
Membrane supplied by Pentair. Refer to Appendix A for membrane specification.  
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Blending Tank (V-101/V-102) 
Identification:  
Item  Blending storage tank  
Item No  V-101 V-102        
No. Required  1         
Function:  Media preparation and storage  
Operation:  Batch  
Performance of Unit  
    Inlet  Outlet 
Stream    S-106 S-107 S-112 S-117 S-122 S-127 S-132 
Flowrate  kg/batch  131613.57 1.18 11.81 118.08 1180.76 11807.57 118075.65 
Temperature  oC 25 25 4.05 4.05 4.04 3.94 3.12 
Pressure  atm  1.01 4.05 1009.19 1009.19 1009.19 1009.19 1009.19 
Phase    liquid  liquid liquid  liquid liquid  liquid liquid  
Composition  
(mass 
frac)          
Ammonium sulfate 0.00 0.00 0.00 0.00 0.01 0.05 0.50 
Biomass 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 0.00 0.00 0.00 0.01 0.07 
Carbon Dioxide  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Ferrous Sulfate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Gluconic Acid 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Glucose  0.09 0.09 0.09 0.09 0.89 8.92 89.16 
Potassium Phosphate  0.00 0.00 0.00 0.00 0.00 0.04 0.36 
Potassium Chloride 0.00 0.00 0.00 0.00 0.00 0.01 0.10 
Manganese Sulfate 0.00 0.00 0.00 0.00 0.00 0.01 0.10 
Magnesium sulfate 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Nitrogen 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Oxygen  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Water  0.91 0.91 0.91 0.91 9.09 90.90 909.01 
Yeast extract 0.00 0.00 0.00 0.00 0.01 0.05 0.50 
Design Data:  
Reactor type  Stirred Tank   
Material of Construction  SS316/SS304 
Design Pressure 1.52 bar  Design Temperature  143 C 
Vessel Volume  86943.06 L   Impeller type  Rushton, 6-blade 
Max working volume  75%  Impeller quantity  2 
Vessel Diameter  3.33 m  Impeller Diameter 1.33 m 
Vessel Height  9.99 m   Impeller spacing  3.33 m 
Utilities: 
Power        61 kW-h/batch       
Cost Information:  
Purchase Cost per unit       $260,000.00     
Bare Module Cost per unit       $1,089,920.00     
Total Bare Module Cost (all units)      $2,179,840.00     
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Sterilizer (ST-101) 
Identification:  
  Item  Sterilizer 
  Item No  ST-101 
  No. Required  1 
Function:  Sterilize media before cell culturing 
Operation:  Continuous  
Performance of Unit  
    Inlet  Outlet 
Stream    S-132 S-133 
Flowrate  kg/batch  118,075.65 118,075.65 
Temperature  oC 25 35 
Pressure  atm  0.95 0.95 
Phase    liquid  liquid 
Composition  (mass frac)      
Ammonium sulfate 0.00 0.00 
Biomass 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 
Carbon Dioxide  0.00 0.00 
Ferrous Sulfate 0.00 0.00 
Gluconic Acid 0.00 0.00 
Glucose  0.09 0.09 
Potassium Phosphate  0.00 0.00 
Potassium Chloride 0.00 0.00 
Manganese Sulfate 0.00 0.00 
Magnesium sulfate 0.00 0.00 
Nitrogen 0.00 0.00 
Oxygen  0.00 0.00 
Water  0.91 0.91 
Yeast extract 0.00 0.00 
Design Data:  
Material of Construction SS316  Type Shell and Tube  
Membrane Material  PES/PVP Max Throughput 29,250 L/hr 
Membrane Area 1,550.37 m^2 Tube Diameter 0.87 m  
Pore Size  0.45 µ Tube Length  1,441.65 m  
Utilities: 
Steam  3 MT/batch Cooling Water 498 MT/batch 
Cost Information:  
Purchase Cost per unit      $702,000.00 
Bare Module Cost per unit    $2,184,130.00 
Total Bare Module Cost (all units)    $2,184,130.00 
 
  
 77 
 
Sterilizer (ST-102) 
Identification:  
  Item  Sterilizer 
  Item No  ST-102 
  No. Required  1 
Function:  Sterilize bio lixiviant before leaching process 
Operation:  Continuous  
Performance of Unit  
    Inlet  Outlet 
Stream    S-132 S-133 
Flowrate  kg/batch  118,075.65 118,075.65 
Temperature  oC 25 35 
Pressure  atm  0.95 0.95 
Phase    liquid  liquid 
Composition  (mass frac)      
Ammonium sulfate 0.00 0.00 
Biomass 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 
Carbon Dioxide  0.00 0.00 
Ferrous Sulfate 0.00 0.00 
Gluconic Acid 0.00 0.00 
Glucose  0.09 0.09 
Potassium Phosphate  0.00 0.00 
Potassium Chloride 0.00 0.00 
Manganese Sulfate 0.00 0.00 
Magnesium sulfate 0.00 0.00 
Nitrogen 0.00 0.00 
Oxygen  0.00 0.00 
Water  0.91 0.91 
Yeast extract 0.00 0.00 
Design Data:  
Material of Construction SS316  Type Shell and Tube  
Membrane Material  PES/PVP Max Throughput 31,015 L/hr 
Membrane Area 1,550.37 m^2 Tube Diameter 0.10 m  
Pore Size  0.45 µ Tube Length  0.92 m  
Utilities: 
Steam 3 MT/batch Cooling Water  376 MT/batch  
Cost Information:  
Purchase Cost per unit      $702,000.00 
Bare Module Cost per unit    $2,225,340.00 
Total Bare Module Cost (all units)    $2,225,340.00 
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Pump (P-101)  
Identification: 
Item Pump  
Item No.  P-101 
No. Required 1 
Function:  Transport media to seed reactors  
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-122 S-122 
Quantity kg/hr  1250 50459.5 
Temperature  oC 25 25 
Pressure atm 0.95 5.9 
Composition  (mass frac)     
Ammonium sulfate 0.00 0.00 
Biomass 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 
Carbon Dioxide  0.00 0.00 
Ferrous Sulfate 0.00 0.00 
Gluconic Acid  0.00 0.00 
Glucose  0.09 0.09 
Potassium Phosphate  0.00 0.00 
Potassium Chloride 0.00 0.00 
Manganese Sulfate 0.00 0.00 
Magnesium sulfate 0.00 0.00 
Nitrogen 0.00 0.00 
Oxygen  0.00 0.00 
Water  0.91 0.91 
Yeast extract 0.00 0.00 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 100 - 1500 gpm, 150 
Hp 
Flow rate   13.2 gal/min 
Head  200 ft  
Purchase Cost  $10,784.00  
Bare-Module Cost $35,587.00  
Motor Data 
Type Motor Enclosure Open, Drip Proof Enclosure, 1 to 700 Hp 
Power  2.97 Hp  
Purchase Cost  $472.00  
Bare-Module Cost $1,557.00  
Total Bare-Module Cost $37,144.00  
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Pump (P-102, P-103)  
Identification: 
Item Pump  
Item No.  P-101, P-103 
No. Required 2 
Function:  Transport batches between seed reactors SBR-104, SBR-105 
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-126 S-126 
Quantity kg/hr  8.41 8.41 
Temperature  oC 25 25 
Pressure atm 0.95 1.08 
Composition  (mass frac)     
Ammonium sulfate 0.00 0.00 
Biomass 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 
Carbon Dioxide  0.00 0.00 
Ferrous Sulfate 0.00 0.00 
Gluconic Acid  0.10 0.10 
Glucose  0.00 0.00 
Potassium Phosphate  0.00 0.00 
Potassium Chloride 0.00 0.00 
Manganese Sulfate 0.00 0.00 
Magnesium sulfate 0.00 0.00 
Nitrogen 0.00 0.00 
Oxygen  0.00 0.00 
Water  0.90 0.90 
Yeast extract 0.00 0.00 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 100 - 1500 gpm, 150 
Hp 
Flow rate   132 gal/min 
Head  15 ft  
Purchase Cost  $17,074.00  
Bare-Module Cost $31,032.00  
Motor Data 
Type Motor Enclosure Open, Drip Proof Enclosure, 1 to 700 Hp 
Power  0.22 Hp  
Purchase Cost  $241.00  
Bare-Module Cost $795.00  
Total Bare-Module Cost $63,654.00  
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Pump (P-104)  
Identification: 
Item Pump  
Item No.  P-104 
No. Required 1 
Function:  Transport batch from SBR105 to BR 106  
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-131 S-131 
Quantity kg/hr  8.41 8.41 
Temperature  oC 25 25 
Pressure atm 0.95 1.08 
Composition  (mass frac)     
Ammonium sulfate 0.00 0.00 
Biomass 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 
Carbon Dioxide  0.00 0.00 
Ferrous Sulfate 0.00 0.00 
Gluconic Acid  0.10 0.10 
Glucose  0.00 0.00 
Potassium Phosphate  0.00 0.00 
Potassium Chloride 0.00 0.00 
Manganese Sulfate 0.00 0.00 
Magnesium sulfate 0.00 0.00 
Nitrogen 0.00 0.00 
Oxygen  0.00 0.00 
Water  0.90 0.90 
Yeast extract 0.00 0.00 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 100 - 1500 gpm, 150 
Hp 
Flow rate   132 gal/min 
Head  15 ft  
Purchase Cost $9,213.00  
Bare-Module Cost $30,403.00  
Motor Data 
Type Motor Enclosure Open, Drip Proof Enclosure, 1 to 700 Hp 
Power  0.88 Hp  
Purchase Cost $405.00  
Bare-Module Cost $1,338.00  
Total Bare-Module Cost $31,741.00  
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Pump (P-105)  
Identification: 
Item Pump  
Item No.  P-105 
No. Required 1 
Function:  Transport media to main reactor, BR-106 
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-132 S-132 
Quantity kg/hr  8.41 8.41 
Temperature  oC 25 25 
Pressure atm 0.95 5.9 
Composition  (mass frac)     
Ammonium sulfate 0.00 0.00 
Biomass 0.00 0.00 
Calcium Chloride Hydrate  0.00 0.00 
Carbon Dioxide  0.00 0.00 
Ferrous Sulfate 0.00 0.00 
Gluconic Acid  0.00 0.00 
Glucose  0.09 0.09 
Potassium Phosphate  0.00 0.00 
Potassium Chloride 0.00 0.00 
Manganese Sulfate 0.00 0.00 
Magnesium sulfate 0.00 0.00 
Nitrogen 0.00 0.00 
Oxygen  0.00 0.00 
Water  0.91 0.91 
Yeast extract 0.00 0.00 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 100 - 1500 gpm, 150 
Hp 
Flow rate   132 gal/min 
Head  200 ft  
Purchase Cost  $9,730.00  
Bare-Module Cost $32,110.00  
Motor Data 
Type Motor Enclosure Open, Drip Proof Enclosure, 1 to 700 Hp 
Power  11.67 Hp  
Purchase Cost  $770.00  
Bare-Module Cost $2,541.00  
Total Bare-Module Cost $34,651.00  
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Barren Pond (PD-201)  
Identification: 
Item Barren Pond 
Item No.  PD-201 
No. Required 1 
Function:    
Collect gluconic acid solution before heap 
pad 
Operation:    Continuous  
Performance of Unit  
Duty:  N/A Inlet Outlet 
Stream   S-207 S-143 S-201 
Quantity kg/hr 34424.1 1812.67 36253.4 
Temperature  oC 25 25 25 
Pressure atm 1 1 1 
Composition  (mass frac)       
Gluconic acid (aq) 0.043 0.043 0.043 
Oxalic Acid Trace 0 0 
Water (aq) 0.957 0.957 0.957 
Design Data 
Volume   12,416,086 gal 
Depth   5 ft 
Cost Information 
Purchase Cost   $200,000.00  
Total Bare-Module Cost $640,000.00  
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Pregnant Pond (PD-202) 
Identification: 
Item 
Pregnant Solution 
Pond 
Item No.  PD-202 
No. Required 1 
Function:    Collect the leachate from the heap leach pad 
Operation:    Continuous  
Performance of Unit  
Duty:  N/A Inlet  Outlet  
Stream   S-204 S-204 
Quantity kg/hr 33803.1 33803.1 
Temperature  oC 25 25 
Pressure atm 1 1 
Composition  (mass frac) - - 
Gluconic acid (aq) 0.038 0.038 
Oxalic Acid Trace Trace 
Water (aq) 0.956 0.956 
[REE(C6H12O7)3]
3+ 0.0056 0.0056 
Design Data 
Volume (gal)   7925161.6 gal    
Depth (ft)   5 ft   
Cost Information  
Purchase Cost   $130,000.00  
Total Bare-Module Cost $417,000.00  
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Heap Leach Pad (HL-201)  
Identification: 
Item Heap Leach Pad 
Item No.  HL-201 
No. Required 1 
Function:  Provide the infrastructure necessary to support and leach the PG stack 
Operation:  Continuous  
Performance of Unit  
Duty:      N/A   Inlet  Outlet 
Stream   S-201 S-202 S-204 S-203 
Quantity kg/hr 35434 130635 33801 1780 
Temperature oC 25 25 25 25 
Pressure atm 1 1 1 1 
Composition  (mass frac)         
Gluconic acid (aq) 0.043 0 0.038 0.043 
Oxalic Acid Trace 0 Trace Trace 
Water (aq) 0.957 0 0.956 0.957 
CaSO4 (PG) 0 0.9997 0 0 
Y  0 7.50E-05 0 0 
La  0 5.30E-05 0 0 
Ce  0 8.20E-05 0 0 
Nd  0 5.90E-05 0 0 
Sm  0 1.10E-05 0 0 
Eu  0 2.00E-06 0 0 
Yb  0 3.00E-06 0 0 
[REE(C6H12O7)3]
3+ 0 0 0.0056 0 
Design Data 
Total Solid Mass Supported   15.6 million MT   
Average Height of stack   115 ft   
Length of Pad     2200 ft   
Width of Pad     130 ft   
Cost Information  
Purchase Cost   $3,490,000.00  
Total Bare-Module Cost $10,000,000.00  
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Crystallizer (C-201)  
Identification: 
Item 
Jacketed-scraped wall 
crystallizer 
Item No. C-201 
No. 
Required 
1 
Function:    Re2(C2O4)3 (s) crystallization 
Operation:    Continuous  
Performance of Unit  
Temperature oC 25 
Pressure atm 1 
    Inlet Outlet 
Stream   S-204 S-205 S-206 
Quantity kg/hr 33770 37 33806 
Composition  (mass frac)      
  REE+3-(GA)3 (aq) 0.0056 0 trace 
  Gluconic acid (aq) 0.0379 0 0.0425 
  Oxalic acid (aq) 0.0004 1 0.0004 
  Water (aq) 0.9562 0 0.9552 
  Re2(C2O4)3 (s) 0 0 0.002 
Design Data 
Material   Stainless steel 
Height/diameter            3 
Diameter (ft)   21.7 
 
Height (ft)   65.2 
 
Volume (ft3)   2449.7 
 
Purchase Cost      $269,950  
Total Bare-Module Cost     $556,097.32  
Jacket Data 
Cooling requirement   0.51 MM BTU/hr  
Chilled water flowrate   12832 kg/hr  
Agitator Data 
Power  15 Hp  
Purchase Cost  $19,217  
Total Cost   $575,314  
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Vacuum Filter (VF-201)  
Identification:  
Item 
Rotary drum vacuum filter, scraper 
discharge 
Item No. VF-201 
No. Required 1 
Function:  Separate rare earth oxalates (s) from liquid stream 
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-206 S-207 S-208 
Quantity kg/hr 33806 33738 67 
Temperature  oC 25 25 25 
Pressure atm 1 1 1 
Composition  (mass frac)      
  Gluconic acid (aq) 0.0425 0.0425 trace 
  Oxalic acid (aq) 0.0004 0.0004 trace 
  Water (aq) 0.9552 0.9571 trace 
  Re2(C2O4)3 (s) 0.002 trace 1 
Design Data 
Material   Carbon steel 
Filtering area  170 ft
2 
Diameter  6 ft 
Length   9 ft 
Purchase Cost  $215,106  
Total Bare-Module Cost  $499,045  
Motor Design 
Power   10 Hp  
Total Bare Module Cost $2,334.00  
Total Cost    $501,379  
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Rotary Kiln (RT-201) 
Identification: 
Item Rotary kiln 
Item No. RK-201 
No. Required 1 
Function: 
Thermally decompose rare earth oxalates (s) cake into oxides 
(s)  
Operation:    Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-208 S-209 (s) S-209 (g) 
Quantity kg/hr 67.4 35.6 31.8 
Temperature  oC 25 800 800 
Composition  (mass frac)      
  Re2(C2O4)3 (s) 1 0 0 
  REO (aq) 0 1 0 
  CO2 (g) 0 0 0.61 
  CO (g) 0 0 0.39 
Design Data 
Material   Stainless steel 
Energy requirement 2.11 MM BTU/hr  
Inner Diameter of tube 1.7 ft 
Outer Diameter of shell  2.7 ft 
Length  17.3 ft 
Purchase Cost  $525,000  
Total Bare-Module Cost  $525,000  
Motor Design 
Power   10 Hp  
Total Bare Module Cost $2,334.00  
Total Cost    $527,334  
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Conveyer Belt (CB-201)  
Identification: 
Item 
Conveyor Belt 
System 
Item No. CB-201 
No. 
Required 
2 
Function:  
Transport PG from reserve to grasshopper conveyor 
system 
Operation:  Continuous  
Performance of Unit  
Stream    S-202 
Quantity kg/hr 133,040 
Temperature  C 1 
Composition  (mass frac) - 
  
CaSO4·2H2O 
(PG) 
0.9997 
  Y  7.50E-05 
  La  5.30E-05 
  Ce  8.20E-05 
  Nd  5.90E-05 
  Sm  1.10E-05 
  Eu  2.00E-06 
  Yb  3.00E-06 
Conveyor Data 
Width   2 ft 
Length  300 ft 
Power  27,683 Hp 
Purchase Cost  $176,000  
Bare-Module Cost  $283,000  
Feeder Data 
Feeder Type  Screw  
Quantity (ft^3/hr) 2940 
Purchase Cost  $6,300.00  
Bare-Module Cost $21,000.00  
Total Bare-Module Cost $610,000.00  
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Conveyer Belt (CB-202)  
Identification: 
Item Conveyor Belt 
Item No. CB-202 
No. Required 1 
Function:  Convey solid oxalic acid from storage tank to crystallizer 
Operation:  Continuous  
Performance of Unit  
Stream   S-205 
Quantity kg/hr 36.7 
Temperature  oC 1 
Composition  (mass frac)   
  Oxalic acid (s) 1 
Design Data 
Width   2 ft 
Length  100 ft 
Power   0.0026 Hp 
Cost Information 
Purchase Cost  $58,560  
Total Bare-Module Cost  $94,282  
Conveyer Belt (CB-203)  
Identification: 
Item Conveyor Belt 
Type CB-203 
No. Required 1 
Function:  Convey rare earth oxalate filter cake to kiln  
Operation:  Continuous  
Performance of Unit  
Stream   S-208 
Quantity kg/hr 67.4 
Temperature  oC 1 
Composition  (mass frac)   
  REO (s) 1 
Design Data 
Width   2 ft 
Length  100 ft 
Power   0.0042 Hp 
Cost Information 
Purchase Cost  $58,560  
Total Bare-Module Cost  $94,282  
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Conveyer Belt (CB-204)  
Identification: 
Item Grasshopper Conveyor 
Item No. CB-204 
No. Required 1 
Function:  Transport PG to the heap pad 
Operation:  Continuous      
Performance of Unit  
Stream    S-202 
Quantity kg/hr 80 
Temperature  oC 1 
Composition  (mass frac) - 
  CaSO4 (PG) 0.9997 
  Y  7.50E-05 
  La  5.30E-05 
  Ce  8.20E-05 
  Nd  5.90E-05 
  Sm  1.10E-05 
  Eu  2.00E-06 
  Yb  3.00E-06 
Design Data 
Width   3 ft 
Length  210 ft 
Power   44.28 Hp  
Cost Information 
Purchase Cost  $105,000  
Total Bare-Module 
Cost  
$169,050  
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Surge Tank (SU-101) 
Identification: 
Item Surge tank 
Item No. SU-101 
No. Required 1 
Function:  
Store gluconic acid solution from 
batch process 
Operation:  Continuous  
Performance of Unit  
Stream  S-140     
Quantity kg/hr 124,745 
Temperature  oC 25 
Pressure atm 1 
Composition  (mass frac)      
 Gluconic acid (aq) 0.1 
 Water (aq) 0.9 
Design Data 
Material   Carbon steel 
Height/diameter 3 
Diameter  21 ft 
Height   63 ft 
Cost Information 
Purchase Cost   $22,617  
Total Bare-Module Cost $72,602  
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Storage Tank (ST-201) 
Identification: 
Item Storage tank 
Item No. ST-201 
No. Required 1 
Function:  Store solid oxalic acid 
Operation:  Continuous  
Performance of Unit  
Stream   S-205 
Quantity kg/hr 39,621 
Temperature  oC 25 
Pressure atm 1 
Composition  (mass frac)   
Oxalic acid (s) 1 
Design Data 
Material Fiberglass 
Operation time (days) 45 days  
Height/diameter 3 
Diameter 10.2 ft 
Height  30.6 ft 
Cost Information 
Purchase Cost $10,458  
Total Bare-Module Cost $33,570  
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Mixer (M-101)  
Identification: 
Item Mixer 
Item No. M-101 
No. Required 1 
Function:  
Dilute gluconic acid solution from upstream and 
mix with recycle 
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-141 S-142 S-143 
Quantity kg/hr 784 992 1775 
Composition  (mass frac)      
 Gluconic acid (aq) 0.096 0 0.043 
  Water (aq) 0.904 1 0.957 
Design Data 
Material   Carbon steel 
Height/diameter 2 
Diameter  4.3 ft 
Weight   5,886.4 lbs 
Height   8.6 ft 
Volume   125.3 ft^3 
Platforms & Ladders cost $3,088  
Purchase Cost  $88,658  
Total Bare-Module Cost $286,365.44  
Agitator Data 
Hp   0.78 
Purchase Cost   $3,565  
Total Bare-Module Cost $289,930  
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Pump (P-201)  
Identification: 
Item Pump  
Item No.  P-201 
No. Required 1 
Function:  
Transport the liquid and raise the pressure of the 
liquid from the barren pond 
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-201 S-201 
Quantity kg/hr 36087.1 36087.1 
Temperature  oC 25 25 
Pressure atm 1 4.95 
Composition  (mass frac) - - 
Gluconic acid (aq) 0.043 0.043 
Oxalic Acid Trace Trace 
Water (aq) 0.957 0.957 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 
100 - 1500 gpm, 150 Hp 
Flow rate  150 gpm 
Head   135 ft 
Purchase Cost  $10,000.00  
Bare-Module Cost $33,000.00  
Motor Data 
Type Motor Enclosure 
Open, Drip Proof Enclosure, 1 to 
700 Hp 
Power  10.15 Hp 
Purchase Cost  $682.00  
Bare-Module Cost $2,300.00  
Total Bare-Module Cost $35,300.00  
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Pump (P-202)  
Identification: 
Item Pump  
Item No.  P-202 
No. Required 1 
Function: 
Transport the liquid from the pregnant pond to 
the crystallizer 
Operation:  Continuous      
Performance of Unit  
    Inlet Outlet 
Stream   S-204 S-204 
Quantity kg/hr 34424.1 34424.1 
Temperature  oC 25 25 
Pressure atm 1 2.04 
Composition  (mass frac) - - 
  Gluconic acid (aq) 0.038 0.038 
  Oxalic Acid Trace Trace 
  Water (aq) 0.956 0.956 
  [REE(C6H12O7)3]3+ 0.006 0.006 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 
100 - 1500 gpm, 150 Hp 
Flow rate  143 gpm 
Head  100 ft 
Purchase 
Cost  
$9,800.00  
Bare-Module Cost $32,000.00  
Motor Data 
Type Motor Enclosure 
Open, Drip Proof Enclosure, 1 
to 700 Hp 
Power  7.3 Hp  
Purchase 
Cost  
$600.00  
Bare-Module Cost $2,000.00  
Total Bare-Module Cost $34,000.00  
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Pump (P-203)  
Identification: 
Item Slurry Pump 
Item No.  P-203 
No. Required 1 
Function:  
Transport the liquid from the crystallizer to the rotary 
vacuum filter 
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-206 S-206 
Quantity kg/hr 36087.1 36087.1 
Temperature  oC 25 25 
Pressure atm 1 2.04 
Composition  (mass frac)     
Gluconic acid (aq) 8 0.042 
Oxalic Acid Trace Trace 
Water (aq) 1435.453 0.955 
REE2(C2O4)3 12.526 0.002 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 100 - 1500   
gpm, 150 Hp 
Flow rate  143 gpm 
Head  100 ft 
Purchase 
Cost  
$9,800.00  
Bare-Module Cost $32,000.00  
Motor Data 
Type Motor Enclosure 
Open, Drip Proof Enclosure, 1 to 
700 Hp 
Power  7.3 Hp  
Purchase Cost  $600.00  
Bare-Module Cost $2,000.00  
Total Bare-Module Cost $34,000.00  
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Pump (P-204)  
Identification: 
Item Pump  
Item No.  P-204 
No. Required 1 
Function:  
Transport the recycled liquid from the rotary 
vacuum filter to the barren pond 
Operation:  Continuous  
Performance of Unit  
    Inlet Outlet 
Stream   S-207 S-207 
Quantity kg/hr 21.7 21.7 
Temperature  oC 25 25 
Pressure atm 1 2.04 
Composition  (mass frac) - - 
  Gluconic acid (aq) 0.043 0.043 
  Oxalic Acid Trace Trace 
  Water (aq) 0.957 0.957 
Pump Data 
Subtype    Centrifugal Pump 
Construction Material Stainless Steel 
Pump Type 
 
3600 RPM, HSC, 100 - 450 ft, 
100 - 1500 gpm, 150 Hp 
Flow rate  143 gpm 
Head  100 ft 
Purchase 
Cost  
$9,800.00  
Bare-Module Cost $32,000.00  
Motor Data 
Type Motor Enclosure 
Open, Drip Proof Enclosure, 1 
to 700 Hp 
Power  7.3 Hp  
Purchase 
Cost  
$600.00  
Bare-Module Cost $2,000.00  
Total Bare-Module Cost $34,000.00  
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16. Equipment Cost Summary 
Table 16.1 summarizes and lists the major equipment necessary to execute the operations 
detailed in Section 12. Purchase costs for fermentation reactors, supporting receiver tanks, media 
sterilizers, and microfilter were provided by SuperPro cost estimates. Equations detailing the 
design and costing of equipment which used “Seider Correlations” as a source can be found in 
Chapter 16 of Seider et al.’s Product and Process Design Principles 3rd Edition [43]. A cost 
index of 600 was used in calculations. All bare module factors were also taken from Product and 
Process Design Principles 3rd Edition. For the heap pad, barren solution pond, and pregnant 
solution pond, a standard bare module factor of 3.21 – the rationale behind which is found in 
Table 16.2. The total bare-module cost of the equipment is $69,500,000. 
Table 16.1. List of equipment needed  
ID name Description Type Bare-Module Cost Source 
Fermentation (Upstream) Equipment 
SBR-101 
Seed Bioreactor 
(1.75L) 
Fabricated Equipment $440,000 
SuperPro Cost 
Estimation 
SBR-102 
Seed Bioreactor 
(17.5L) 
Fabricated Equipment $520,000 
SuperPro Cost 
Estimation 
SBR-103 
Seed Bioreactor 
(175L) 
Fabricated Equipment $2,530,000 
SuperPro Cost 
Estimation 
SBR-104 
Seed Bioreactor 
(1,750 L) 
Fabricated Equipment $5,100,000 
SuperPro Cost 
Estimation 
SBR-105 
Seed Bioreactor 
(17,500 L) 
Fabricated Equipment $7,840,000 
SuperPro Cost 
Estimation 
BR-106 
Bioreactor 
(175,000 L) 
Fabricated Equipment $29,650,000 
SuperPro Cost 
Estimation 
V-101 Blending Tank 1 Fabricated Equipment $1,090,000 
SuperPro Cost 
Estimation 
V-102 Blending Tank 2 Fabricated Equipment $1,090,000 
SuperPro Cost 
Estimation 
ST-101 Heat Sterilizer 1 Fabricated Equipment $2,180,000 
SuperPro Cost 
Estimation 
ST-102 Heat Sterilizer 2 Fabricated Equipment $2,230,000 
SuperPro Cost 
Estimation 
MF-101 Microfilter Fabricated Equipment $1,850,000 
SuperPro Cost 
Estimation 
SU-101 
Gluconic Acid 
Surge Tank 
Fabricated Equipment $70,000 Seider Correlation 
M-101 Mixer Fabricated Equipment $290,000 Seider Correlation 
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P-101 Pump Process Machinery $37,000 Seider Correlation 
P-102 Pump Process Machinery $32,000 Seider Correlation 
P-103 Pump Process Machinery $32,000 Seider Correlation 
P-104 Pump Process Machinery $32,000 Seider Correlation 
P-105 Pump Process Machinery $35,000 Seider Correlation 
P-106 Pump Process Machinery $37,000 Seider Correlation 
Leaching (Downstream) Equipment 
PD-201 
Barren Solution 
Pond 
Fabricated Equipment $640,000 
Source X 
(literature review) 
PD-202 
Pregnant Solution 
Pond 
Fabricated Equipment $417,000 Source X 
HL-201 Heap Leach Pad Fabricated Equipment $11,200,000 Source X 
IR-101 Irrigators Fabricated Equipment $26,000 
Senninger Unit 
Listing 
C-201 
Jacketed scraped-
wall crystallizer 
Fabricated Equipment $575,000 Seider Correlation 
ST-201 
Oxalic Acid 
Storage Tank 
Fabricated Equipment $34,000 Seider Correlation 
VF-201 
Rotary drum 
vacuum filter 
Fabricated Equipment $501,000 Seider Correlation 
RK-201 Rotary kiln Fabricated Equipment $527,000 Seider Correlation 
CB-201 
Conveyor Belt 
System 
Process Machinery $610,000 Seider Correlation 
CB-202 Conveyor Belt 2 Process Machinery $94,000 Seider Correlation 
CB-203 Conveyor Belt 3 Process Machinery $94,000 Seider Correlation 
CB-204 
Grasshopper 
conveyor 
Process Machinery $169,000 
GoodFellow Corp 
Unit Listing 
P-201 Pump (P-201) Process Machinery $35,000 Seider Correlation 
P-202 Pump (P-202) Process Machinery $34,000 Seider Correlation 
P-203 Pump (P-203) Process Machinery $34,000 Seider Correlation 
P-204 Slurry Pump Process Machinery $34,000 Seider Correlation 
TOTAL $69,500,000.00 
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Table 16.2. Total derived bare module factor 
 
 
 
 
 
 
 
 
 
 
Figure 16.3: Equipment Cost Distribution 
 
Figure 16.3 breaks down the distribution of expenses of the listed equipment. Nearly 79% 
of all equipment costs are related to fermentation, the most expensive piece of equipment being 
the $29,650,000 bioreactor used to produce the biolixiviant. The next most expensive piece of 
equipment is the heap leach pad, which costs $11,200,000. Their exorbitant costs can be 
attributed to the scale of this operation, which itself is necessary to extract the low REE content 
Cost of Installation Materials: 71% of Equipment Purchase Cost 
Cost of Installation Labor: 54% of Equipment Purchase Cost 
Cost for Freight, Insurances, and Taxes: 9% of Equipment Purchase Cost 
Cost of Construction Overhead: 57% of Equipment Purchase Cost 
Cost of Contractor Engineering Expenses: 30% of Equipment Purchase Cost 
Total Derived Bare Module Factor 3.21 of Equipment Purchase Cost 
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of PG in any meaningful amount. Section 19 explores cases in which this capital investment can 
be avoided. The following sections provide a summary economics behind the detailed design.  
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17. Fixed Capital Investment Summary 
Brian K. Downey’s Profitability Analysis Spreadsheet was used to expedite economic 
analysis regarding this plant’s design and operation based on the principles presented in Chapters 
16 and 17 of Seider et al.’s Product and Process Design Principles 3rd Edition. Based on the 
methods presented in Sections 15 and 16, a total bare module cost of all operational equipment 
was estimated to be $69,472,941. The cost of site preparations and service facilities were each 
estimated to be 5% of the total bare-module costs, giving a direct permanent investment (DPI) of 
$76,420,235. The cost of contingencies and contractor fees was taken to be 18% of the DPI, 
giving a total depreciable capital (TDC) of $90,175,877. Lastly, to get the total permanent 
investment (TPI) for the project, the cost of land and cost of plant startup were taken to be 2% 
and 10%, respectively, and added to the TDC, giving an unadjusted TPI of $100,996,983. To 
account for the plant’s location in Florida, the TPC is multiplied by a site factor of 0.95, giving a 
final TPC of $95,947,134. Sections 17.1 and 17.2 show various assumptions made in calculating 
the TPI from the bare-module cost and a summary of the corresponding investments. 
17.1 Total permanent investment 
 
 
Figure 17.1. Total Permanent Investment inputs from Profitability Analysis Spreadsheet 
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17.2 Investment Summary 
 
 
Figure 17.2. Investment Cost Summary from outputs of Profitability Analysis Spreadsheet 
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18. Operating Cost- Cost of Manufacture 
This section details the operating cost of the process design, which includes the cost of raw 
materials, utilities, and various yearly fixed costs. Once again Brian K. Downey’s Profitability 
Analysis Spreadsheet 4.0, built upon the principles presented in Chapters 16 and 17 of Seider et 
al.’s Product and Process Design Principles 3rd Edition, was used for these calculations. Figures 
18.1.1 and 18.1.2 shows a summary of process’ variable costs, detailing general expenses 
incurred through operation and the cost of raw materials and utilities per pound of REO mixture 
sold. The variable costs are low and generally reflect the limited amounts of REE being collected 
due to a low REE concentration in PG. It also details the breakdown of the utilities required for 
this process and, as expected for a relatively undemanding process such as heap leaching, are 
light. Figures 18.2.1 and 18.2.2 detail the assumptions made in calculating the yearly fixed costs 
for operating this process and show their corresponding values, respectively. Using the heuristics 
presented in Chapter 17 of Product and Process Design Principles 3rd Edition, it was estimated 
that 7 operators working 5 shifts would be necessary to operate this plant: 3 for the batch 
solid/fluid processing involved in fermentation upstream and 4 for the largescale, continuous 
processing of solid PG downstream. There are no other foreseeable annual expenses.   
  
 105 
18.1 Variable Costs   
 
 
Figure 18.1.1. Variable Cost Summary output from Profitability Analysis Spreadsheet 
 
 
 
 
 
Figure 18.1.2. Annual utility requirements and costs 
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18.2 Fixed Costs 
 
 
Figure 18.2.1. Fixed Costs inputs from Profitability Analysis Spreadsheet 
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Figure 18.2.2.  Total Fixed Cost Summary output from the Profitability Analysis Spreadsheet 
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19. Profitability Analysis 
19.1 Profitability and Cash Flow for the Baseline Design 
Based on the fixed capital investments and operating cost, a profitability analysis and 
cash flow summary for 15 years of production were generated using Brian K. Downey’s 
Profitability Analysis Spreadsheet 4.0. As it stands, this process is unprofitable: it has a negative 
internal rate of return after 15 years of production and has a net present value (NPV) of negative 
$147,664,900. In its third year of production, operating at 91% capacity, the plant has a -21.17% 
return on investment (ROI). Figure 19.1 represents cash flows for the project over its 16-year life 
span. There are several points of insight to be gained from these 
results. 
 
Figure 19.1. Cash Flow Summary from the Profitability Analysis Spreadsheet for the plant with a 16-year 
lifespan 
 
Foremost, the negative ROI after the third year needs to be addressed before this process 
can become profitable. As Section 18 highlighted, the fixed yearly costs for this process are 
large, driven by the large number of operators and high TDC required for this plant. On the other 
hand, the variable costs are quite low as the utility requirements the cost/requirement of raw 
materials for this process are quite low per pound of REO mixture obtained. Therefore, to 
simultaneously overcome the large fixed costs while also maintain low variable costs, one would 
require the cost of REE to increase. The market analysis presented in Section 2 highlights that 
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the REE market in the recent past has been volatile, seeing price increases as large as 2400% 
over short periods of time. In addition, the value of REE is expected to rise as the world is 
projected to deplete its reserves within the next 50 years. From Figure 19.1, it can be seen that 
the REO mixture must cost approximately $54.34 per lb for process’ ROI to become positive in 
its third year of production, representing a 1200% increase over the current price. While this is 
not impossible, it represents a highly unlikely circumstance and so relying on price increases to 
save this design is futile. Other scenarios must be explored. 
In addition, Section 16 highlights the exorbitant costs of fermentation equipment, which 
begs the question: is the increased leaching efficiency worth the near $55,000,000 capital 
investment? Redoing the base case material/energy balances and profitability analysis for a 
scenario where the leaching efficiencies are 50% of their reported values yields a NPV of 
negative $150,676,700 and ROI of -21.83% after the plants third year of production – a clear no. 
However, the insignificance of leaching efficiency in the profitability is a reflection of the main 
issue: the lack of REE content in PG. Therefore range of REE leached as a function of leaching 
efficiency is severely restricted by the low concentration of REE in PG, and should not be 
optimized for in this system, especially when it comes at such a steep price. With this design, 
there are is no foreseeable circumstance where the project yields a positive IRR.   
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19.2 Profitability and Cash Flow: No fermentation, H2SO4 lixiviant 
The following scenario envisions the upstream fermentation being completely removed 
and that 0.22 M H2SO4, an extremely cheap alternative to the biolixiviant with competitive 
leaching efficiencies, is being used as the lixiviant.  As it stands, this process is also unprofitable: 
it has a negative internal rate of return after 15 years of production and has a net present value 
(NPV) of negative $36,437,700. In its third year of production, operating at 91% capacity, the 
plant has a -24.81% return on investment (ROI). Although this process has a lower ROI, the 
substantially less bare-module costs and labor requirements for the new process cuts the yearly 
fixed costs by half, making the ROI and IRR significantly more sensitive to changes in product 
price. Sensitivity analysis for both quantities are shown in Figure 19.2.1. Therefore, in this new 
process, the REO mixture must cost $15.9 per lb for process’ ROI to become positive in its third 
year of production, representing a 250% increase over the current price. If the REO mixture were 
$22.6 per pound, or a 400% increase, the overall process would have an IRR of 19.39%. Such an 
Figure 19.2.1. Sensitivity analysis which shows that for a 15.9$/lb of product, the process becomes profitable for 
sulfuric acid leaching/no fermentation in the third year 
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increase is not unreasonable given the circumstances described in Section 16. Note that the initial 
price per pound of product has slightly increased in this case because of different elemental 
leaching efficiencies achieved by H2SO4. Cash flows for the last case is shown in Figure 19.2.2.  
Figure 19.2.2.Cash Flow Summary from the Profitability Analysis Spreadhseet for sulfuric acid/no 
fermentation case with a 16 year lifespan 
 
 
  
 112 
20. Additional considerations 
20.1 Plant Location 
Due to the high load of solid waste that our heap leaching facility processes, it is 
imperative to locate the plant as close to the source of the solid waste as possible. In the case that 
the facility processes PG, the base case upon which this report was built, there is one particularly 
favorable location that stands out among others: the Bone Valley region of Florida. The Bone 
Valley region, encompassing portions of Hardee, Hillsborough, Manatee, and Polk counties of 
central Florida, is home to some of the world’s largest reserves of waste PG in the world. As it 
stands, nearly 1.1 billion metric tons are stored in stacks as waste from the region’s prominent 
agriculture fertilizer production industry [9]. The material currently serves no discernable use, 
making it an extremely attractive solid waste for the proposed process.  
The idealized plant will be as close to these existing stacks as possible to minimize the 
footage of conveyor belt required to transport the PG waste to the heap stacks. Therefore, a 
location such as central Florida, which has a relatively low typical investment site factor and a 
near endless reserve of PG, serves as an ideal location for this project. Both considerations will 
be particularly useful when, in the near future, earth is depleted of natural REE reserves, and the 
U.S will need a massive scale operation to replace its supply.  
In the case that our facility processes spent FCC catalysts, the plant should be built near a 
refinery in Texas or Louisiana, once again to minimize the distance between the plant and the 
largest source of its solid waste, as well as to take advantage of the relatively low typical 
investment site factor of the Gulf Coast. A plant that can process all 120,000 metric tons of spent 
FCC catalysts generated by the region per year would likely be maximizing profits considering 
leaching methods can handle waste streams of such scale [11]. Additionally, due to the higher 
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REE content in FCC catalysts and smaller tonnage in the waste stream, this project recommends 
using agitated tank leaching methods for REE extraction due to superior leaching efficiency.  
 
20.2 Site Closing Procedure, Environmental Impact and Waste 
Management 
A discussion on the closing procedure for this plant is included for the sake of outlining 
major considerations that one must take before embarking on a project such as this. Nominally, 
the heap leaching facility begins its closing phase as the last section of ore placement has been 
completed, which will occur at the latest 90 days before the last partition of the heap pad has 
been leached. The decommissioning of stacking equipment can formally begin.  
The next major phase of the heap site closing procedure generally encompasses the 
rinsing of heap pit to remove any excess lixiviant that may have been adsorbed in the PG over 
the course of the leaching procedure [11]. Taking samples of the heap pad at different locations 
serves as a useful starting point for determining the extent to which the pad needs to be rinsed 
and a suitable period to do so. This step is particularly crucial in the gold recovery operations 
where hydrogen cyanide (HCN) is used as the primary lixiviant, which poses a threat to the 
environment if it were to escape the pit through storm water runoff some years post closure. In 
these operations, the primary rinsing agent is water, and in some cases, is supplemented by sugar 
additive designed to convert HCN into benign species that can be easily processed. This step is 
likely unnecessary for our project because gluconic acid is not listed as a hazardous chemical and 
oxalic acid is present in trace amounts (approximately 0.3% w/w). Simultaneously, the solution 
inventory used for leaching and rinsing can begin to be removed from the recycle loop and be 
sent for treatment without any pretreatment processing. The Environmental Protection Agency 
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(EPA) regulates the handling of wastewater and outlines treatment procedure under the Clean 
Water Act (CWA). Under the National Pollutant Discharge Elimination System (NPDES), 
Florida’s Department of Environmental Protection (FDEP) will be able to issue a permit 
allowing the facility to send its wastewater to a treatment facility upon successful application. 
Application details and permit instructions are outlined in Chapter 62-621 of Florida 
Administrative Rules, Law, Code, and Register.  
Once the heap site is adequately rinsed of residing chemicals, the facility will enter the 
final phase in its shutdown procedure where a protective cap is placed over the heap pit. 
Depending on the location, this capping may simply be placing another geotextile cover atop the 
heap pit to minimize storm water runoff from the pit, whereas in some other areas it might mean 
layering the heap pit with topsoil and vegetation native to the area. Since PG stacks are common 
in Florida, there are very specific guidelines put in place regarding their closure, detailed in 
Chapter 62-673, Section 610 of Florida Administrative Rules, Law, Code, and Register. Upon 
inspection, both components are required for closing PG stacks in Florida and has been included 
in the economic analysis as their costs are non-negligible. 
 
20.3 Radioactivity of PG and Safety of PG usage 
Under the assumptions of this report, the PG waste pre and post leaching will be the 
primary site of radioactivity. Due to the slight radioactivity of the PG, ranging from 20 – 35 
pCi/g of radium, the material has been barred by EPA statute from serving as an otherwise useful 
additive to construction materials such as road pavement, roof tiles, and walling. Fortunately, no 
EPA statute prohibits its use in the proposed leaching operation; Chapter 62-673, Section 320 
outlines how to obtain a permit to use the stored PG. To provide perspective, the EPA based the 
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ban on assuming a scenario in which PG was used in an additive on a field upon which now a 
house stands and where someone has lived for 70 years and spends on average 18 hours a day in 
their home [12]. Under these circumstances, the resident’s risk of radon-related health concerns 
only slightly exceed the EPA’s accepted limits. Therefore this project, which only spans 15 years 
in duration, poses no hazard to workers involved in the leaching operation and should not be put 
under consideration. The radioactivity of PG was taken into account into formulating the closing 
procedure of PG tacks, so as long as proper protocol is adhered to, there is no concern. 
20.4 Biomass Generation and Disposal 
There are two side products associated with the fermentation process: carbon dioxide and 
biomass. Based on the linear regression coupled with the kinetic model discussed in Section 
10.2, approximately 11.74 kg of biomass is produced per batch. This is separated via a 
microfiltration unit where a polyether sulphone membrane traps the solid waste and has to be 
replaced every 5 years. Once wasted, these membranes are dried and scheduled for pickup as 
biohazard waste. In a regular operating year, approximately 530 kg of biomass would be 
produced annually. This would necessitate applying for a Generator Permit for an annual fee of 
85$, according to the States of Florida’s Department of Health Bureau of Community 
Environmental Health Chapter 64E-16, Florida Administrative Code Biomedical Waste [41].  
However, this biomass is rich with nutrients and organic that can be utilized for 
fertilizers. If this process were further scaled up such that the production of biomass on a yearly 
basis was substantial, this would be something to consider. Due to the prominent agriculture 
industry in Florida, municipal wastewater treatment facilities are well equipped to treat and 
process biosolids as fertilizer supplements and soil amendments. As with wastewater treatment, 
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permission is granted on a case by case basis by the FDEP and is outlined by Chapter 62-640 of 
Florida Administrative Rules, Law, Code, Register.  
20.5 Odor Abatement  
 
Odor abatement was initially a concern with using a biolixiviant on the open heap 
leaching pit. However, due to the fact that nearly all biomass is being separated out before the 
biolixiviant is poured onto the open pit, there is no reason to believe an odor will exist. The 
biolixiviant is comprised of gluconic acid and water, both of which are known to produce no 
odor.  
20.6 Batch scheduling  
 
In order to minimize the size of the surge tank that will store the batch and release it at a 
constant rate into the leaching process, 5 batches will be produced at a time, making the 
campaign time 237 hours (9.9 days) until the 9th campaign of the year where instead 7 batches 
will be produced and will take 314.4 hours (13.1 days). That leaves a down time of about 34 
days between campaign during the regular operating year. 
Figure 20.6. Batch scheduling 
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21. Conclusions and Recommendations 
21.1 Conclusions 
 
This project sought to fully design a plant which has the capacity to produce an effective 
biolixiviant through fermentation, use this biolixiviant to leach REE from a solid waste such as 
PG, and recover the REE in oxide form through crystallization, filtration, and subsequent high 
temperature decomposition. The report details process development considerations, process 
design specifications, equipment requirement and designs, and is followed by a rigorous 
profitability analysis. As it stands, this process is unprofitable: it has a negative internal rate of 
return after 15 years of production and has a NPV of negative $147,664,900. In its third year of 
production, operating at 91% capacity, the plant has a -21.17% ROI. It was found that this 
system was not sensitive to leaching efficiency, and therefore the capital investment required for 
fermentation of the biolixiviant is unwarranted. It’s recommended that for solid waste streams 
with low concentrations of REE, such as PG, alternative lixiviants such as H2SO4 are used as long 
as leaching efficiencies remain the same order of magnitude. The process itself has low variable 
costs per lb of product due to its recycle stream, and therefore, maximizing the amount of solid 
waste processed and selecting waste streams with high REE concentration holds the key to 
maximizing profits in this system. 
21.2 Further Recommendations and Qualifications 
 
As mentioned in Section 2.1, this project was inspired by ongoing and novel work done 
by researchers investigating REE recovery at Idaho National Laboratories and collaborators. 
Consequently, there are many uncertainties and this project has dealt with them by making 
reasonable assumptions based on similar systems and processes. However, this still leaves the 
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possibility that scaling up various processes in under actual conditions may engender unforeseen 
consequences. Therefore, gaining a better understanding of the following systems before 
attempting to build a plant under the design given is highly recommended: 
Firstly, researchers studying the biolixiviant, which again is primarily composed of GA, 
are unaware of why it’s more effective than commercially produced. Possible reasons include 
improved contact between the lixiviant and the solid due to microbial action or the presence of 
supporting acids, however, neither claim has been explored [4]. Understanding this behavior at a 
more fundamental level would allow for better condition optimization, the design of competitive 
yet cheap lixiviants, and would ultimately qualify the need for fermentation.  
Additionally, researchers studying REE recovery are performing leaching tests in closed, 
batch, and agitated conditions, which are quite disparate from the leaching conditions in heaps. 
Since heap leaching will likely be the predominant recovery method for REE due to their low 
concentration in solid waste streams, gaining an understanding of how leaching efficiencies are 
affected by these conditions is absolutely crucial. Further, understanding the interaction between 
lixiviants and impurities found in potential solid waste streams would elucidate the need for a 
potential purification step before crystallization. On a similar note, while the addition of a 
recycle stream has been supported by practices in which the lixiviant was an inorganic acid [31], 
further studies are needed to assess how the leaching efficiencies are affected by using the 
recycled GA-based lixiviant.  
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24. Appendix  
A. Calculations 
Leaching calculations 
Tau is dimensionless number that represents the effectiveness of contact between two 
different time and length scales under various conditions. This is obviously an oversimplification 
considering the two systems are not quite dynamically similar but serves as a decent 
approximation for this work. As suggested by the discussion in Section 20.1, the design and 
economics of this process are not sensitive to changes leaching efficiency however large they 
may be. Influenced by data pertaining to gold recovery, a starting ratio of 15 days was estimated 
[44][45]. Under this assumption, the passage of each τ days where the biolixiviant is in contact 
with the PG, some percent of the remaining (or starting) amount of REE is leached. In this way, 
the model reflects reality in that there is diminishing gain in keeping the two phases in contact 
with each other for an increasing amount of time. By analogy, it represents a “half-life” behavior 
for radioactive elements where instead of 50% of radioactive material being lost each half-life-
days, x% of the material is leached each passage of a τ amount of days where x is the leaching 
efficiency for a given element. The leaching efficiency as a function of x and τ is given by 
equation 8. The calculated figures are given in Table 24.1. 
(8) 𝐿𝑒𝑎𝑐ℎ𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 1 − (1 − 𝑥)τ 
Table 24.1.. Leaching efficiencies as a function of residence time 
REE % REE Dissolved 
- τ (Residence Time = 15 
days) 
2τ (Residence Time = 30 
days) 
3τ (Residence Time = 45 
days) 
Y  0.846 0.976 0.999 
La 0.500 0.750 0.875 
Ce  0.357 0.587 0.746 
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Product composition 
The rare earth oxide mixture collected at the end has the following composition: 
Table 24.2. Final Product composition 
Component Mass Composition (%) 
Y2O3 35 
La2O3 24 
CeO2 14 
Nd2O3 21 
Sm2O3 5 
Eu2O3 1 
Yb2O3 1 
  
Nd  0.404 0.645 0.813 
Sm  0.659 0.883 0.981 
Eu  0.312 0.527 0.875 
Yb  0.751 0.938 0.997 
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Design calculations 
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Bioreactor scale-up was based on the study of Gluconobacter Oxydans by Institute of 
Chemical Engineering, Bulgarian Academy of Sciences [46]. These experiments were performed 
in a BioFlo C-30 (New Brunswick Scientific, USA) bioreactor with the following operating 
conditions and bioreactor geometry:  
Table 24.3 G. oxydans growth conditions according to a study done by the Institute of Chemical Engineering, 
at the Bulgarian Academic of Sciences  
Final Gluconic Acid 
Concentration 
0.452 M 
Vessel Volume  2.5 L 
Working Volume  0.40 L 
Agitation Rate (𝑁) 600 rpm 
Aeration Rate 2 vvm 
 
 
Table 24.4. Assumed geometry based on Bio-Flow 320 model, because the BioFlo C-30 is discontinued (refer 
to Appendix C).  
Vessel Height (𝐻𝑡) 0.239 m 
Liquid Level Height (𝐻𝑙) 0.10 m 
Vessel Diameter (𝐷𝑡) 0.12 m 
Impeller Diameter (𝐻𝑖)  0.048 m 
𝐷𝑡/𝐷𝑖 2.5 
𝐻𝑡/𝐷𝑡 2 
Impeller spacing 𝐻𝑖  0.048 m 
Impeller Type Rushton,  
6-blade 
 
In order to scale-up this process, the specific power due to aeration was calculated and then used 
to find the power needed for agitation, calculated according to the process outline by reference 
46, outlined as follows:  
 
Using the final reactor volume determined from the goal amount of gluconic acid produced from 
SuperPro designer, and maintaining the same geometric ratios from the lab-scale model, the 
pilot-scale model has the following design specifications:  
 
Table 24.5. Assumed geometry based on Bio-Flow 320 model, because the BioFlo C-30 is discontinued (refer 
to Appendix C).  
Max working volume  75% 
Vessel Height (𝐻𝑡) 4.466 m 
 128 
Liquid Level Height (𝐻𝑙) 3.329 m 
Vessel Diameter (𝐷𝑡) 2.233 m 
Impeller Diameter (𝐻𝑖)  0.893 m 
𝐷𝑡/𝐷𝑖 2.5 
𝐻𝑡/𝐷𝑡 2 
Impeller spacing 𝐻𝑖  0.893 m 
Impeller Type Rushton,  
6-blade 
 
 
The mass transfer coefficient is defined as follows:  
𝑘𝐿𝑎 =
𝐹
𝑉
 𝐻𝑙  𝑑𝐵
2/3𝛾1/2 
Assuming the bubble diameter, kinematic viscosity, and mass transfer coefficient is 
maintained between the pilot and lab-scale models, we used the following relationship to 
find the necessary aeration rate:  
(𝐹/𝑉)1
(𝐹/𝑉)2
=
(𝐻𝑙)1
(𝐻𝑙)2
 
 
(𝐹/𝑉)1 = (𝐹/𝑉)2
(𝐻𝑙)1
(𝐻𝑙)2
= 2 𝑣𝑣𝑚 ∗ 
3.329 𝑚 
0.048 𝑚 
= 0.0574 𝑣𝑣𝑚 
 
To determine the agitation rate, we consider specific power defined below,  
 
𝑃
𝑉
=  
𝜌𝑁3𝐷𝑖
5
𝐷𝑖
3  
 
Assuming the specific ungassed power and density is maintained between the pilot and lab-
scale model, the agitation rate can therefore be calculated as follows:  
 
𝑁1 = 𝑁2 (
𝐷𝑖,1
𝐷𝑖,2
)
2/3
= 600 𝑟𝑝𝑚 ∗ 
0.048 𝑚 
0.893 𝑚 
= 85.446 𝑟𝑝𝑚 
 
 
 
To determine the specific power due to agitation, used as input into SuperPro designer, we 
considered the specific power solely due to agitation. To do this, we first consider the power due 
to aeration then use a power requirement ratio for aerated versus non-aerated systems that is a 
function of the dimensionless aeration number,  
 
The aeration number is defined as follows:  
𝑁𝑎 =  
𝐹𝑔
𝑁𝐷𝑖
3 =  
(
𝐹
𝑉) 𝐻𝑙𝜋 (
𝐷𝑖
2⁄ )
2
𝑁𝐷𝑖
3  
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Where Fg is the superficial gas velocity of the air fed into the reactor that was solved for 
above.  
 
  
𝑁𝑎 =  
0.0574 𝑣𝑣𝑚 ∗ 3.329 𝑚 ∗ 𝜋 ∗ (0.893 2⁄ )
2
85.446 𝑟𝑝𝑚 ∗  0.893 𝑚3
= 0.016  
 
The ratio of gassed to ungassed power can be related as follow, assuming a flat blade turbine. 
 
Figure 24.1. Ratio of power requirement for aerated versus nonaerated systems [46] 
 
Therefore, 
𝑃𝑔
𝑃
= 0.83 
  
Where Pg is the power due to aeration and is constant between the lab and pilot scale 
reactor. For the lab-scale reactor, this value was found using the power number, that is 
alternative form of the Reynolds number since often time the Reynold’s number is 
impossible to be maintained between very large changes in reactor volume. It was 
calculated as follows:  
 
𝑅𝑒 =  
𝜌𝐷𝑖
2𝑁
𝜇
 
𝑅𝑒 =  
1,031
𝑘𝑔
𝑚3
0.048 𝑚210 𝑟𝑝𝑠
0.00098
𝑘𝑔
𝑚 𝑠
= 24,239 
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Figure 24.2. Power number versus Reynolds number for various impellers [__] 
 For Rushton turbine,  
𝑁𝑃 = 4  
 
  Where the power number is defined as follows: 
𝑁𝑃 =
𝑃𝑔𝑐
𝑁3𝐷𝑖
5𝜌
 
 
Therefore, ungassed power for the lab-scale model is calculated as  
𝑃 =
𝑁𝑃𝑁
3𝐷𝑖
5𝜌
𝑔𝑐
 
 
𝑃 =
4 ∗ 10 𝑟𝑝𝑠3 ∗ 0.048 𝑚5 ∗ 1,031 𝑘𝑔/𝑚3
9.81 𝑚/𝑠2
= 0.08 𝑊 
 
Using the non-dimensional power number and plot from above, the specific 
gassed power was found:  
 
𝑃𝑔/𝑉 =
0.42𝑃
𝐻𝑙𝜋 (
𝐷𝑖
2⁄ )
2 
 
𝑃𝑔/𝑉 =
0.42 ∗ 0.08 𝑊
𝜋 ∗ 0.1 𝑚 ∗ (0.048 𝑚 2⁄ )
2 = 83.66 𝑊/𝑚
3 
 
This value was kept constant between reactors in the seed train.   
 
Therefore, the agitation power for the scaled-up bioreactor becomes the following:  
 
This process was repeated for each bioreactor volume in the seed train.  
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 SuperPro Input Report 
 
                                       Input Data Report 
                                                                                 April 14, 2020 
                                      for Year 1 Fermentation 
 
      1. REGISTERED COMPONENTS 
 
      Number of Components = 15 
      Component                   Full Name                    Formula 
      Amm. Sulfate                Ammonium Sulfate             (NH4)2SO4 
      Biomass                     Biomass                      CH1.8O0.5N0.2 
      Ca Chlor. Hydr              Calcium Chloiride Hydrate    CaCl27H2O 
      Carb. Dioxide               Carbon Dioxide               CO2 
      Ferrous Sulfate             Ferrous Sulfate              FeSO4 
      Gluconic Acid               Gluconic Acid                Gluconic Acid 
      Glucose                     Glucose                      C6H12O6 
      K Phosphate                 Potassium Phosphate          KH2PO4 
      KCl                         Potassium Chloride           KCl 
      Magne Sulfate               Magnesium Sulfate            MgSO4.7H2O 
      Mang. Sulfate               Manganese Sulfate            MnSO4 
      Nitrogen                    Nitrogen                     N2 
      Oxygen                      Oxygen                       O2 
      Water                       Water                        H2O 
      Yeast                       Yeast                        C6H12O6 
 
 
      2. BASIC PHYSICAL COMPONENT PROPERTIES 
 
                                                                                     DHform 
      Component                       MW (g/gmol)         Tb (C)     Tfreez (C)     (J/gmol) 
 
      Amm. Sulfate                          132.13       1,388.00       513.00          0.00 
      Biomass                                24.63        287.85       - 273.15         0.00 
      Ca Chlor. Hydr                        201.64        100.05       - 273.15         0.00 
      Carb. Dioxide                          44.01        - 87.40       - 78.00   - 393,510.00 
      Ferrous Sulfate                       151.91       2,000.00      1,126.85  - 1,261,790.00 
      Gluconic Acid                         196.16        343.85        146.00   - 1,273,300.00 
      Glucose                               180.16        343.85        146.00   - 1,273,300.00 
      K Phosphate                           136.09       1,415.85       770.85    - 436,680.00 
      KCl                                    74.54       1,415.85       770.85    - 436,680.00 
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      Magne Sulfate                         246.47       2,000.00      1,126.85  - 1,261,790.00 
      Mang. Sulfate                         151.00       2,119.85      - 273.15         0.00 
      Nitrogen                               28.01       - 195.76      - 210.00         0.00 
      Oxygen                                 32.00       - 182.84      - 218.79         0.00 
      Water                                  18.02        100.00          0.00    - 285,830.00 
      Yeast                                 180.16        146.85       - 273.15         0.00 
 
 
 
 
 
 
 
 
 
                                                                                    - Page 1 - 
 
 
 
 
 
 
      3. CRITICAL COMPONENT PROPERTIES 
 
      Component                             Tc (C)      Pc (bar)           Zc        Omega 
      Amm. Sulfate                        3,591.21          4.00          0.00          0.00 
      Biomass                             1,086.85         50.00          0.23          0.34 
      Ca Chlor. Hydr                        374.19        221.20          0.24          0.34 
      Carb. Dioxide                          31.03         75.27          0.27          0.24 
      Ferrous Sulfate                     3,591.21         30.00          0.00          0.00 
      Gluconic Acid                         481.85         48.20          0.32          2.39 
      Glucose                               481.85         48.20          0.32          2.39 
      K Phosphate                         3,196.85        180.00          0.39         - 0.12 
      KCl                                 3,196.85        180.00          0.39         - 0.12 
      Magne Sulfate                       3,591.21         30.00          0.00          0.00 
      Mang. Sulfate                       3,794.95        221.20          0.24          0.34 
      Nitrogen                             - 146.90        34.65          0.29          0.04 
      Oxygen                               - 118.39        51.81          0.29          0.03 
      Water                                 374.19        221.20          0.24          0.34 
      Yeast                                 374.15        221.20          0.23          0.34 
 
 
      4. OTHER MISC. COMPONENT PROPERTIES 
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      Component                      Volume Coef.      Part. Size Henry Const. 
                                                                        (10^4 
                                                       (microns) m3-atm/gmol) 
 
      Amm. Sulfate                           1.00           0.00          0.00 
      Biomass                                1.00           1.50          0.00 
      Ca Chlor. Hydr                         1.00          10.00          0.00 
      Carb. Dioxide                          1.00           0.00        218.76 
      Ferrous Sulfate                        1.00           0.00          0.00 
      Gluconic Acid                          1.00           0.00          0.00 
      Glucose                                1.00           0.00          0.00 
      K Phosphate                            1.00           0.00          0.00 
      KCl                                    1.00           0.00          0.00 
      Magne Sulfate                          1.00           0.00          0.00 
      Mang. Sulfate                          1.00          10.00          0.00 
      Nitrogen                               1.00           0.00          0.00 
      Oxygen                                 1.00           0.00          0.00 
      Water                                  1.00           0.00          0.00 
      Yeast                                  1.00           0.00          0.00 
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      5. TEMPERATURE-DEPENDENT COMPONENT PROPERTIES 
 
      CorrID Formula [T:temp, Tr=T/Tc, t=1-Tr, a,b,c,d,e:coeffs] 
      0 a 
      1 a+bT+cT^2+dT^3+eT^4 
      2 exp(a+b/T+cln(T)+dT^e) 
      3 a/b^(1+(1-T/c)^d) 
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      4 a(1-Tr)^(b+cTr+dTr^2+eTr^3) 
      5 a+b(c/T/sinh(c/T))^2+d(e/T/cosh(e/T))^2 
      6 a^2/t+b-2act-adt^2-c^2t^3/3-cdt^4/2-d^2t^5/5 
      7 exp(a+b/T+cln(T)+dT^2+e/T^2) 
      8 a+bt^0.35+ct^(2/3)+dt+et^(4/3) 
      9 10^(a+b/(c+T)) 
      Ammonium Sulfate 
 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        1.77E+003 
      LiqCp      0        1.88E+002 
      (J/mol-K) 
      GasCp      1        0.00E+000 
      (J/mol-K) 
      VapPress   9        6.39E+000      5.84E+003 
      (mmHg) 
      (J/kmol)   4        1.00E+000 
 
      Biomass 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        1.05E+003 
      LiqCp      0        1.03E+002 
      (J/mol-K) 
      GasCp      1         1.00E-003 
      (J/mol-K) 
      VapPress   9        7.41E+000      1.85E+003    -1.51E+002 
      (mmHg) 
      DHVap      4        3.18E+004      3.28E-001 
      (J/kmol) 
      Calcium Chloiride Hydrate 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        3.14E+003 
      LiqCp      0        7.52E+001 
      (J/mol-K) 
      GasCp      1        3.22E+001      1.92E-003     1.05E-005      3.60E-009 
      (J/mol-K) 
      VapPress   9        0.00E+000 
      (mmHg) 
      DHVap      4        6.04E+004      4.13E-001 
      (J/kmol) 
      Carbon Dioxide 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        5.09E+003     -1.47E+001 
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      LiqCp 
      (J/mol-K)  0        2.09E+002 
      GasCp 
      (J/mol-K)  1        1.98E+001      7.34E-002     -5.60E-005     1.72E-008 
      VapPress 
      (mmHg)     9        8.10E+000      9.70E+002 
      DHVap 
      (J/kmol)   4        2.46E+004      3.94E-001 
      Ferrous Sulfate 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        5.72E+003 
      LiqCp 
      (J/mol-K)  0        1.01E+002 
      GasCp 
      (J/mol-K)  1        0.00E+000 
      VapPress 
      (mmHg)     9        0.00E+000 
      DHVap 
      (J/kmol)   4        0.00E+000 
      Gluconic Acid 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        1.39E+003      -7.29E-001 
      LiqCp 
      (J/mol-K)  0        3.58E+002 
      GasCp 
      (J/mol-K)  1        -7.14E+001     1.27E+000     -1.23E-003     4.49E-007 
      VapPress 
      (mmHg)     9        1.01E+001      3.37E+003    -1.53E+002 
      DHVap 
      (J/kmol)   4        2.57E+005      5.10E-001 
      Glucose 
      Property CorrID            a              b             c             d             e 
 
      LiqDen (g/l1        1.39E+003      -7.29E-001 
      LiqCp      0        3.58E+002 
      (J/mol-K) 
      GasCp      1        -7.14E+001     1.27E+000     -1.23E-003     4.49E-007 
      (J/mol-K) 
      (mmHg)ss   9        1.01E+001      3.37E+003    -1.53E+002 
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      (J/kmol)   4        2.57E+005      5.10E-001 
      Potassium Phosphate 
 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        2.20E+003      -6.66E-001 
      LiqCp      0        7.34E+001 
      (J/mol-K) 
      GasCp      1        3.74E+001      1.08E-003     -3.50E-007    0.00E+000 
      (J/mol-K) 
      VapPress   9        7.06E+000      6.42E+003    -1.54E+002 
      (mmHg) 
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      DHVap 
      (J/kmol)   4        2.29E+005      5.86E-001 
      Potassium Chloride 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        2.20E+003      -6.66E-001 
      LiqCp 
      (J/mol-K)  0        7.34E+001 
      GasCp 
      (J/mol-K)  1        3.74E+001      1.08E-003     -3.50E-007    0.00E+000 
      VapPress 
      (mmHg)     9        7.06E+000      6.42E+003    -1.54E+002 
      DHVap 
      (J/kmol)   4        2.29E+005      5.86E-001 
      Magnesium Sulfate 
      Property CorrID            a              b             c             d             e 
 
      LiqDen (g/l1        5.72E+003 
      LiqCp      0        1.01E+002 
      (J/mol-K) 
      GasCp      1        0.00E+000 
      (J/mol-K) 
      (mmHg)ss   9        0.00E+000 
      DHVap 
      (J/kmol)   4        0.00E+000 
      Manganese Sulfate 
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      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        7.47E+003 
      LiqCp      0        2.76E+002     -2.09E+000     8.12E-003     -1.41E-005     9.40E-009 
      (J/mol-K) 
      GasCp      1        0.00E+000 
      (J/mol-K) 
      VapPress   9        0.00E+000 
      (mmHg) 
      DHVap      4        4.06E+005      4.18E-001 
      (J/kmol) 
      Nitrogen 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        1.30E+003     -6.12E+000 
      LiqCp      0        8.88E+001 
      (J/mol-K) 
      GasCp      1        3.11E+001      -1.36E-002    2.68E-005     -1.17E-008 
      (J/mol-K) 
      VapPress   9        6.49E+000      2.56E+002    -6.65E+000 
      (mmHg) 
      DHVap      4        7.90E+003      3.58E-001 
      (J/kmol) 
      Oxygen 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        1.62E+003     -5.29E+000 
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      LiqCp 
      (J/mol-K)  0        9.70E+001 
      GasCp 
      (J/mol-K)  1        2.81E+001      -3.00E-006    1.75E-005     -1.06E-008 
      VapPress 
      (mmHg)     9        6.69E+000      3.19E+002    -6.50E+000 
      DHVap 
      (J/kmol)   4        9.56E+003      3.64E-001 
      Water 
      Property CorrID            a              b             c             d             e 
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      LiqDen (g/l1        1.10E+003      -3.64E-001 
      LiqCp 
      (J/mol-K)  0        2.76E+002     -2.09E+000     8.12E-003     -1.41E-005     9.40E-009 
      GasCp 
      (J/mol-K)  1        3.22E+001      1.92E-003     1.05E-005     -3.60E-009 
      VapPress 
      (mmHg)     9        8.06E+000      1.73E+003    -4.00E+001 
      DHVap 
      (J/kmol)   4        5.67E+004      3.80E-001 
      Yeast 
      Property CorrID            a              b             c             d             e 
      LiqDen (g/l1        1.56E+003 
      LiqCp 
      (J/mol-K)  0        2.20E+002 
      GasCp 
      (J/mol-K)  1         1.00E-003 
      VapPress 
      (mmHg)     9        0.00E+000 
      DHVap 
      (J/kmol)   4        9.33E+004      4.51E-001 
 
 
      6. ENVIRONMENTAL COMPONENT PROPERTIES 
 
                                        Water Diff.     Air Diff.       Kmax             Ks 
      Component         log10(POW)    (10^6 cm2/s)  (10^3 cm2/s)      (mg/g-h)        (mg/L) 
      Amm. Sulfate             0.00          0.00           0.00          0.00          0.00 
      Biomass                  0.00          0.00           0.00          0.00          0.00 
      Ca Chlor. Hydr           1.00          0.00           0.00          0.00          0.00 
      Carb. Dioxide            0.00          0.00           0.00          0.00          0.00 
      Ferrous Sulfate          0.00          0.00           0.00          0.00          0.00 
      Gluconic Acid            0.00          0.00           0.00         80.00          5.00 
      Glucose                  0.00          0.00           0.00         80.00          5.00 
      K Phosphate              1.00          0.00           0.00          0.00          0.00 
      KCl                      0.00          0.00           0.00          0.00          0.00 
      Magne Sulfate            0.00          0.00           0.00          0.00          0.00 
      Mang. Sulfate            0.00          0.00           0.00          0.00          0.00 
 
      Nitrogen                 0.00          22.05          0.00          0.00          0.00 
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      Oxygen                   0.00          20.37          0.00          0.00          0.00 
      Water                    0.00          0.00           0.00          0.00          0.00 
      Yeast                    0.00          0.00           0.00          0.00          0.00 
 
 
      Component          TOC (gC/g)    COD (gO/g)   ThOD (gO/g)    
BODu/COD      BOD5/BODu 
      Amm. Sulfate             0.00          0.00           0.00          0.00          0.00 
      Biomass                  0.49          1.82           1.82          0.92          0.68 
      Ca Chlor. Hydr           0.00          0.00           0.00          0.00          0.00 
      Carb. Dioxide            0.00          0.00           0.00          0.00          0.00 
      Ferrous Sulfate          0.00          0.00           0.00          0.00          0.00 
      Gluconic Acid            0.40          1.07           1.07          0.73          0.90 
      Glucose                  0.40          1.07           1.07          0.73          0.90 
      K Phosphate              0.00          0.00           0.00          0.00          0.00 
      KCl                      0.00          0.00           0.00          0.00          0.00 
      Magne Sulfate            0.00          0.00           0.00          0.00          0.00 
      Mang. Sulfate            0.00          0.00           0.00          0.00          0.00 
      Nitrogen                 0.00          0.00           0.00          0.00          0.00 
      Oxygen                   0.00          0.00           0.00          0.00          0.00 
      Water                    0.00          0.00           0.00          0.00          0.00 
      Yeast                    0.40          1.07           1.07          0.70          0.90 
 
 
      Component          TKN (gN/g)    NH3 (gN/g)NO3-NO2 (gN/g)      TP (gP/g)   CaCO3 
(g/g) 
      Amm. Sulfate             0.00          0.00           0.00          0.00          0.00 
      Biomass                  0.11          0.11           0.00          0.02          0.00 
      Ca Chlor. Hydr           0.00          0.00           0.00          0.00          0.00 
      Carb. Dioxide            0.00          0.00           0.00          0.00          0.00 
 
      Ferrous Sulfate          0.00          0.00           0.00          0.00          0.00 
      Gluconic Acid            0.00          0.00           0.00          0.00          0.00 
      Glucose                  0.00          0.00           0.00          0.00          0.00 
      K Phosphate              0.00          0.00           0.00          0.00          0.00 
      KCl                      0.00          0.00           0.00          0.00          0.00 
      Magne Sulfate            0.00          0.00           0.00          0.00          0.00 
      Mang. Sulfate            0.00          0.00           0.00          0.00          0.00 
      Nitrogen                 0.00          0.00           0.00          0.00          0.00 
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      Oxygen                   0.00          0.00           0.00          0.00          0.00 
      Water                    0.00          0.00           0.00          0.00          0.00 
      Yeast                    0.10          0.10           0.00          0.02          0.00 
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                             Dry-Solid    TS     TSS/      VSS/    DVSS/      VDS/    DVDS/ 
      Component     Solid? Content (%)  (g/g)  TS (g/g)TSS (g/g)VSS (g/g) TDS (g/g)VDS 
(g/g) 
      Amm. Sulfate    Yes       100.00   1.00     0.00      0.00     0.00      0.00     0.00 
      Biomass         Yes       100.00   1.00     1.00      0.90     1.00      0.00     0.00 
      Ca Chlor. Hydr  Yes       100.00   1.00     0.00      0.00     0.00      0.00     0.00 
      Carb. Dioxide   No        100.00   0.00     0.00      0.00     0.00      0.00     0.00 
      Ferrous Sulfate Yes       100.00   1.00     0.00      0.00     0.00      0.00     0.00 
      Gluconic Acid   Yes       100.00   1.00     0.00      0.00     0.00      1.00     1.00 
 
      Glucose         Yes       100.00   1.00     0.00      0.00     0.00      1.00     1.00 
      K Phosphate     Yes       100.00   1.00     0.00      0.00     0.00      0.00     0.00 
      KCl             No        100.00   0.00     0.00      0.00     0.00      0.00     0.00 
      Magne Sulfate   Yes       100.00   1.00     0.00      0.00     0.00      0.00     0.00 
      Mang. Sulfate   Yes       100.00   1.00     0.00      0.00     0.00      0.00     0.00 
      Nitrogen        No        100.00   0.00     0.00      0.00     0.00      0.00     0.00 
      Oxygen          No        100.00   0.00     0.00      0.00     0.00      0.00     0.00 
      Water           No        100.00   0.00     0.00      0.00     0.00      0.00     0.00 
      Yeast           Yes       100.00   1.00     1.00      0.90     1.00      0.00     0.00 
 
                                                      Haz.Thres. 
      Component                   Hazardous?                         Cr+6 (g/g)   Metal (g/g) 
                                                          (ppm) 
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      Amm. Sulfate                No                        0.00          0.00          0.00 
      Biomass                     No                        0.00          0.00          0.00 
      Ca Chlor. Hydr              No                        0.00          0.00          0.00 
      Carb. Dioxide               No                        0.00          0.00          0.00 
      Ferrous Sulfate             No                        0.00          0.00          0.00 
      Gluconic Acid               No                        0.00          0.00          0.00 
      Glucose                     No                        0.00          0.00          0.00 
      K Phosphate                 No                        0.00          0.00          0.00 
      KCl                         No                        0.00          0.00          0.00 
      Magne Sulfate               No                        0.00          0.00          0.00 
      Mang. Sulfate               No                        0.00          0.00          0.00 
      Nitrogen                    No                        0.00          0.00          0.00 
      Oxygen                      No                        0.00          0.00          0.00 
      Water                       No                        0.00          0.00          0.00 
      Yeast                       No                        0.00          0.00          0.00 
 
 
      7. REGISTERED MIXTURES AND THEIR PROPERTIES 
 
      Mixture Densities 
      Mixture                     Liquid/Solid?          a (g/L)      b (g/L/K) 
      90 g/L Media                Yes                    1,130.68        - 0.40 
      Inoculum Media              Yes                    1,105.18        - 0.36 
      0.45 M GA                   Yes                    1,128.66        - 0.40 
      0.22 M GA                   Yes                    1,115.77        - 0.38 
      Air                         No 
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      Mixture Compositions 
      90 g/L Media                Ingredient            Mass % 
 
                                  Amm. Sulfate              0.05 
                                  KCl                       0.01 
                                  Ferrous Sulfate           0.00 
                                  Glucose                   8.92 
                                  Mang. Sulfate             0.00 
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                                  Ca Chlor. Hydr            0.01 
                                  Water                    90.92 
                                  Yeast                     0.05 
                                  Magne Sulfate             0.01 
                                  K Phosphate               0.04 
      Inoculum Media              Ingredient            Mass % 
                                  Amm. Sulfate              0.05 
                                  KCl                       0.01 
                                  Glucose                   0.20 
                                  Ferrous Sulfate           0.00 
                                  Mang. Sulfate             0.00 
                                  Yeast                     0.05 
                                  Water                    99.64 
                                  Ca Chlor. Hydr            0.01 
                                  K Phosphate               0.04 
                                  Magne Sulfate             0.00 
      0.45 M GA                   Ingredient            Mass % 
                                  Gluconic Acid             8.79 
                                  Water                    91.21 
      0.22 M GA                   Ingredient            Mass % 
                                  Gluconic Acid             4.31 
                                  Water                    95.69 
      Air                         Ingredient            Mass % 
                                  Oxygen                   23.29 
                                  Nitrogen                 76.71 
 
 
      8. BIOMASS DATA 
 
      Primary Biomass = (none) 
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      9. STREAM ACTIVITY DATA 
 
      Activity Reference Component = (none) 
      Activity Basis = 0.000 
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      10. STREAM REPORT FORMAT 
 
      Material Balances = kg/Batch 
      Overal Material Balances = kg/Batch 
      OMIT STREAMS WITH ZERO FLOWRATE 
      COMBINE INTRACELLULAR WITH EXTRACELLULAR FLOWRATES 
      DO NOT DISPLAY MASS WEIGHT PERCENT OF VARIOUS COMPONENTS 
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      11. INPUT STREAM DATA 
 
      Stream Name: S-102 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
      Biomass                                               0.00        100.00        100.00 
      Stream Name: S-134 
 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
      Nitrogen                                           2,654.62        76.71        100.00 
      Oxygen                                              805.89         23.29        100.00 
      Stream Name: S-114 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
      Nitrogen                                              2.59         76.71        100.00 
      Oxygen                                                0.79         23.29        100.00 
      Stream Name: S-119 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
 
      Nitrogen                                             12.00         76.71        100.00 
      Oxygen                                                3.64         23.29        100.00 
      Stream Name: S-124 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
      Nitrogen                                             55.51         76.71        100.00 
      Oxygen                                               16.85         23.29        100.00 
      Stream Name: S-129 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
      Nitrogen                                            270.76         76.71        100.00 
      Oxygen                                               82.20         23.29        100.00 
      Stream Name: S-106 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
 
      Ammonium Sulfate                                     65.21          0.05        100.00 
      Calcium Chloiride Hydrate                             9.26          0.01        100.00 
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      Ferrous Sulfate                                       0.01          0.00        100.00 
      Glucose                                           11,737.32         8.92        100.00 
      Potassium Phosphate                                  47.86          0.04        100.00 
      Potassium Chloride                                   13.04          0.01        100.00 
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      Magnesium Sulfate                                    13.04          0.01        100.00 
      Manganese Sulfate                                     0.01          0.00        100.00 
      Water                                            119,662.60        90.92        100.00 
      Yeast                                                65.21          0.05        100.00 
      Stream Name: S-101 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
 
      Ammonium Sulfate                                      0.00          0.05        100.00 
      Calcium Chloiride Hydrate                             0.00          0.01        100.00 
      Ferrous Sulfate                                       0.00          0.00        100.00 
      Glucose                                               0.00          0.20        100.00 
      Potassium Phosphate                                   0.00          0.04        100.00 
      Potassium Chloride                                    0.00          0.01        100.00 
      Magnesium Sulfate                                     0.00          0.00        100.00 
      Manganese Sulfate                                     0.00          0.00        100.00 
      Water                                                 0.13         99.64        100.00 
      Yeast                                                 0.00          0.05        100.00 
      Stream Name: S-103 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
      Nitrogen                                              0.31         76.71        100.00 
      Oxygen                                                0.09         23.29        100.00 
      Stream Name: S-109 
      Temp = 25.00 °C 
      Press = 1.01 bar 
      Component                             Mass Flow (kg/batch)       Mass %    Extracell. % 
      Nitrogen                                              0.56         76.71        100.00 
      Oxygen                                                0.17         23.29        100.00 
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      12. PROCEDURE / OPERATION  DATA 
 
      Number of Procedures = 21 
      Procedure: 1 
      Description: Shake Flask 
      Operation Name and Type: Charge media (Charge) 
 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 1 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                  1.29527  kg/h 
      Volumetric Flow Rate                                            1.30000  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
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      Mass Charged (per Batch)                                        0.12952  kg 
      Description will mention all ingredients of charge stream (detailed)     
      Operation Name and Type: Charge inoculum (Charge) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 2 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                  0.00002  kg/h 
      Volumetric Flow Rate                                            0.00001  L/h 
      Working to Vessel Volume Ratio                                  6.50436  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Volume Charged (per Batch)                                      0.00000  L 
      Description will mention all ingredients of charge stream (detailed)     
      Operation Name and Type: HEAT-1 (Batch Heating) 
      Operation has been initialized by user                                   
      Final Temperature                                              32.00000  °C 
      Setup Time                                                      0.00000  h 
      Process Time                                                   12.00000  min 
      Working to Vessel Volume Ratio                                  6.50441  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: FERMENT-1 (Batch Stoich. Fermentation) 
      Operation has been initialized by user                                   
      Residence Time                                                  4.00000  h 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    75.00000  % 
      Final Temperature                                              32.00000  °C 
      Final Pressure                                                  1.01325  bar 
      Thermal Mode                                                    0.00000  % 
      Exit Temperature                                               32.00000  °C 
      Setup Time                                                      0.00000  min 
      Reaction Time                                                  20.00000  h 
      Fed-Batch:                                                        FALSE  
      EMISSION DATA                                                            
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      Component Name                                                Emissions  Set? 
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      Carb. Dioxide                                                  99.46144  No 
      Nitrogen                                                       99.46144  No 
      Oxygen                                                         99.46144  No 
      Gaseous Port / Stream                                              S-10  
      Condenser Temperature                                          20.00000  °C 
      Aeration is Applied                                                      
      Aeration Rate is Set by User                                             
      Aeration Rate                                                   2.00000  VVM 
      Port/Stream                                                           6  S-103 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Operation Name and Type: TRANSFER-OUT-1 (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 6 output port                  
      The destination procedure has not been specified                         
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      Mass Flow Rate                                                  0.86045  kg/h 
      Volumetric Flow Rate                                            0.86666  L/h 
      Working to Vessel Volume Ratio                                  6.51789  % 
      Min Working To Total Volume                                     0.00000  % 
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      Max Working To Total Volume                                    75.00000  % 
      Port/Stream                                                        S-10  
      Volume Transfered Out                                          130.0000  mL 
 
 
      Procedure: 4 
      Description: Seed Cell Culture 
      Operation Name and Type: Load Media SRB 1 (Transfer In) 
 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 3 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                 14.16907  kg/h 
      Volumetric Flow Rate                                           14.07801  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Cool Media (Batch Cooling) 
      Operation has been initialized by user                                   
      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    1.00000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 67.14848  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    90.00000  % 
      Operation Name and Type: Load Inoc. (Pull In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 4 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                  1.54882  kg/h 
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      Volumetric Flow Rate                                            1.56000  L/h 
      Working to Vessel Volume Ratio                                 66.83838  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Heat (Batch Heating) 
      Operation has been initialized by user                                   
      Final Temperature                                              32.00000  °C 
      Setup Time                                                      0.00000  min 
      Heating Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 74.28166  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Fermentation (Batch Stoich. Fermentation) 
      Operation has been initialized by user                                   
      Residence Time                                                  4.00000  h 
 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    75.00000  % 
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      Final Temperature                                              32.00000  °C 
      Final Pressure                                                  1.01325  bar 
      Thermal Mode                                                    0.00000  % 
      Exit Temperature                                               32.00000  °C 
      Setup Time                                                     15.00000  min 
      Reaction Time                                                   5.92000  h 
      Fed-Batch:                                                        FALSE  
      EMISSION DATA                                                            
      Component Name                                                Emissions  Set? 
      Carb. Dioxide                                                  99.93062  No 
      Nitrogen                                                       99.93062  No 
      Oxygen                                                         99.93062  No 
      Gaseous Port / Stream                                              S-11  
      Condenser Temperature                                          20.00000  °C 
      Aeration is Applied                                                      
      Aeration Rate is Set by User                                             
      Aeration Rate                                                   1.24300  VVM 
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      Port/Stream                                                           6  S-109 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
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      Operation Name and Type: Cool (Batch Cooling) 
      Operation has been initialized by user                                   
 153 
      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Process Time                                                   15.00000  min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 75.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Hold for media cooling (Holding) 
 
      Operation has been initialized by user                                   
      Operation Name and Type: Drain batch (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 6 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                                  5.27279  kg/h 
      Volumetric Flow Rate                                            5.21719  L/h 
      Working to Vessel Volume Ratio                                 74.65412  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Port/Stream                                                        S-11  
      Vessel Contents Transfered Out                                 100.0000  % 
      Operation Name and Type: Clean (In-Place-Cleaning) 
      Operation has been initialized by user                                   
      Cleaning Step #1                                                         
      Cleaning Agent Name                                                Wate  
      Supply Temperature                                             25.00000  °C 
      Volume Flowrate per Circumference                              35.00000  L/min-m 
      Operation Name and Type: Sterilize (In-Place-Steaming) 
      Operation has been initialized by user                                   
      Flowrate Per Volume Contribution: Set Agent Flowrate Per Volume 0.00000  g/L 
      Total Agent Rate                                                0.17471  kg/h 
      Total Agent Amount                                              0.08735  kg 
 
 
      Procedure: 19 
      Description: Cell Culture 
      Operation Name and Type: Load Media (Transfer In) 
 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 2 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                               30159.0111  kg/h 
      Volumetric Flow Rate                                         30000.0000  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
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      Operation Name and Type: Cool Media (Batch Cooling) 
      Operation has been initialized by user                                   
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      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 67.16364  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    90.00000  % 
      Operation Name and Type: Load Inoc. (Transfer In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 4 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                               30364.4004  kg/h 
      Volumetric Flow Rate                                         30000.0000  L/h 
      Working to Vessel Volume Ratio                                 66.77592  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Heat batch (Batch Heating) 
 
      Operation has been initialized by user                                   
      Final Temperature                                              32.00000  °C 
      Setup Time                                                      5.00000  min 
      Heating Rate                                                    1.00000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 74.24114  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Fermentation (Batch Stoich. Fermentation) 
      Operation has been initialized by user                                   
      Residence Time                                                  4.00000  h 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    75.00000  % 
      Final Temperature                                              32.00000  °C 
      Final Pressure                                                  1.01325  bar 
      Thermal Mode                                                    0.00000  % 
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      Exit Temperature                                               32.00000  °C 
      Setup Time                                                      0.00000  min 
      Reaction Time                                                   8.49000  h 
      Fed-Batch:                                                        FALSE  
      EMISSION DATA                                                            
      Component Name                                                Emissions  Set? 
      Carb. Dioxide                                                  98.26467  No 
      Nitrogen                                                       98.26467  No 
      Oxygen                                                         98.26467  No 
      Gaseous Port / Stream                                              S-13  
      Condenser Temperature                                          20.00000  °C 
      Aeration is Applied                                                      
      Aeration Rate is Set by User                                             
      Aeration Rate                                                   0.04100  VVM 
      Port/Stream                                                          11  S-134 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
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      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
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      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Operation Name and Type: Cool batch (Batch Cooling) 
 
      Operation has been initialized by user                                   
      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    1.00000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 75.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Drain batch (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 9 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                               30364.4044  kg/h 
      Volumetric Flow Rate                                         30000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.65225  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    90.00000  % 
      Port/Stream                                                        S-13  
      Vessel Contents Transfered Out                                 100.0000  % 
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      Procedure: 3 
      Description: Heat Sterilization 
 
      Operation Name and Type: STERILIZE-1 (Heat Sterilization) 
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      Operation has been initialized by user                                   
      Sterilization Criterion Value                                  37.00000  
      Axial Dispersion:                                                   Yes  
      Sterilization Temperature                                      160.0000  °C 
      Heating Agent:                                              Steam (High P) 
      Cooling Agent:                                               Cooling Wa er 
      Preheat Exit Temperature                                       110.0000  °C 
      Viscosity                                                       1.00000  cP 
      Frequency Factor                                               83.35000  1/s 
      Activation Energy                                            67700.0000  cal/gmol 
 
 
      Procedure: 2 
      Description: Storage 
      Operation Name and Type: CHARGE-1 (Charge) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 1 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                              506206.0237  kg/h 
      Volumetric Flow Rate                                        500000.0000  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    90.00000  % 
      Mass Charged (per Batch)                                    131613.5661  kg 
      Description will mention all ingredients of charge stream (detailed)     
      Operation Name and Type: AGITATE-1 (Agitation) 
      Operation has been initialized by user                                   
      Working to Vessel Volume Ratio                                 75.00002  % 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    80.00000  % 
      Final Temperature                                              24.99910  °C 
      Operation Name and Type: TRANSFER-OUT-1 (Transfer Out) 
 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 7 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                                  7.08453  kg/h 
      Volumetric Flow Rate                                            7.02000  L/h 
      Working to Vessel Volume Ratio                                 75.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Port/Stream                                                        S-10  
      Volume Transfered Out                                           1.17000  L 
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      Procedure: 7 
      Description: Seed Cell Culture 
 
      Operation Name and Type: Load Media (Transfer In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 2 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                 201.0600  kg/h 
      Volumetric Flow Rate                                           200.0000  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Cool Media (Batch Cooling) 
      Operation has been initialized by user                                   
      Final Temperature                                              32.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 67.16995  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Load Inoc. (Transfer In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 3 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                  5.27279  kg/h 
      Volumetric Flow Rate                                            5.21719  L/h 
      Working to Vessel Volume Ratio                                 67.09213  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Fermentation (Batch Stoich. Fermentation) 
      Operation has been initialized by user                                   
      Residence Time                                                  4.00000  h 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    75.00000  % 
      Final Temperature                                              32.00000  °C 
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      Final Pressure                                                  1.01325  bar 
      Thermal Mode                                                    0.00000  % 
      Exit Temperature                                               32.00000  °C 
      Setup Time                                                     15.00000  min 
      Reaction Time                                                   5.92000  h 
      Fed-Batch:                                                        FALSE  
      EMISSION DATA                                                            
      Component Name                                                Emissions  Set? 
      Carb. Dioxide                                                  99.84831  No 
      Nitrogen                                                       99.84831  No 
      Oxygen                                                         99.84831  No 
      Gaseous Port / Stream                                              S-11  
      Condenser Temperature                                          20.00000  °C 
      Aeration is Applied                                                      
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      Aeration Rate is Set by User                                             
      Aeration Rate                                                   0.57400  VVM 
      Port/Stream                                                           6  S-114 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
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      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Operation Name and Type: Cool batch (Batch Cooling) 
 
      Operation has been initialized by user                                   
      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 75.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Hold for media cooling (Holding) 
      Operation has been initialized by user                                   
      Operation Name and Type: Drain batch (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 6 output port                  
      The destination procedure has not been specified                         
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      Mass Flow Rate                                                3035.9933  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.65244  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Port/Stream                                                        S-11  
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      Vessel Contents Transfered Out                                 100.0000  % 
      Operation Name and Type: Clean (In-Place-Cleaning) 
      Operation has been initialized by user                                   
      Cleaning Step #1                                                         
      Cleaning Agent Name                                                Wate  
      Supply Temperature                                             25.00000  °C 
      Volume Flowrate per Circumference                              35.00000  L/min-m 
      Operation Name and Type: Sterilize (In-Place-Steaming) 
 
      Operation has been initialized by user                                   
      Flowrate Per Volume Contribution: Set Agent Flowrate Per Volume 0.00000  g/L 
      Total Agent Rate                                                1.74859  kg/h 
      Total Agent Amount                                              0.87429  kg 
 
 
      Procedure: 10 
      Description: Seed Cell Culture 
      Operation Name and Type: Load Media (Transfer In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 2 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                2010.6007  kg/h 
      Volumetric Flow Rate                                          2000.0000  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Cool Media (Batch Cooling) 
      Operation has been initialized by user                                   
      Final Temperature                                              32.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 67.16427  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Load Inoc. (Transfer In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 3 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                3035.9933  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
 
      Working to Vessel Volume Ratio                                 67.08645  % 
      Min Working To Total Volume                                     0.00000  % 
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      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Fermentation (Batch Stoich. Fermentation) 
      Operation has been initialized by user                                   
      Residence Time                                                  4.00000  h 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    75.00000  % 
      Final Temperature                                              32.00000  °C 
      Final Pressure                                                  1.01325  bar 
      Thermal Mode                                                    0.00000  % 
      Exit Temperature                                               32.00000  °C 
      Setup Time                                                     15.00000  min 
      Reaction Time                                                   5.92000  h 
      Fed-Batch:                                                        FALSE  
      EMISSION DATA                                                            
      Component Name                                                Emissions  Set? 
      Carb. Dioxide                                                  99.66619  No 
      Nitrogen                                                       99.66619  No 
      Oxygen                                                         99.66619  No 
      Gaseous Port / Stream                                              S-12  
 
      Condenser Temperature                                          20.00000  °C 
      Aeration is Applied                                                      
      Aeration Rate is Set by User                                             
      Aeration Rate                                                   0.26600  VVM 
      Port/Stream                                                           6  S-119 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
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      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
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      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Operation Name and Type: Cool batch (Batch Cooling) 
      Operation has been initialized by user                                   
      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 75.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Hold for media cooling (Holding) 
 
      Operation has been initialized by user                                   
      Operation Name and Type: Drain batch (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 6 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                                3036.3957  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
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      Working to Vessel Volume Ratio                                 74.65227  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Port/Stream                                                        S-12  
      Vessel Contents Transfered Out                                 100.0000  % 
      Operation Name and Type: Clean (In-Place-Cleaning) 
      Operation has been initialized by user                                   
      Cleaning Step #1                                                         
      Cleaning Agent Name                                                Wate  
      Supply Temperature                                             25.00000  °C 
      Volume Flowrate per Circumference                              35.00000  L/min-m 
      Operation Name and Type: Sterilize (In-Place-Steaming) 
      Operation has been initialized by user                                   
      Flowrate Per Volume Contribution: Set Agent Flowrate Per Volume 0.00000  g/L 
      Total Agent Rate                                               17.48740  kg/h 
      Total Agent Amount                                              8.74370  kg 
 
 
      Procedure: 13 
      Description: Seed Cell Culture 
      Operation Name and Type: Load Media (Transfer In) 
 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 2 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                               20106.0074  kg/h 
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      Volumetric Flow Rate                                         20000.0000  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Cool Media (Batch Cooling) 
      Operation has been initialized by user                                   
      Final Temperature                                              32.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
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      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 67.16371  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Load Inoc (Transfer In) 
 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 3 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                                3036.3957  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
      Working to Vessel Volume Ratio                                 67.08589  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Fermentation (Batch Stoich. Fermentation) 
      Operation has been initialized by user                                   
      Residence Time                                                  4.00000  h 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    75.00000  % 
      Final Temperature                                              32.00000  °C 
      Final Pressure                                                  1.01325  bar 
      Thermal Mode                                                    0.00000  % 
      Exit Temperature                                               32.00000  °C 
      Setup Time                                                     15.00000  min 
      Reaction Time                                                   5.92000  h 
      Fed-Batch:                                                        FALSE  
      EMISSION DATA                                                            
      Component Name                                                Emissions  Set? 
      Carb. Dioxide                                                  99.24568  No 
      Nitrogen                                                       99.24568  No 
      Oxygen                                                         99.24568  No 
      Gaseous Port / Stream                                              S-12  
      Condenser Temperature                                          20.00000  °C 
      Aeration is Applied                                                      
      Aeration Rate is Set by User                                             
      Aeration Rate                                                   0.12300  VVM 
      Port/Stream                                                           6  S-124 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
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      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Operation Name and Type: Cool batch (Batch Cooling) 
 
      Operation has been initialized by user                                   
      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 75.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Hold for media cooling (Holding) 
      Operation has been initialized by user                                   
      Operation Name and Type: Drain batch (Transfer Out) 
      Operation has been initialized by user                                   
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      Material will be transfered out via the # 6 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                               30364.3601  kg/h 
      Volumetric Flow Rate                                         30000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.65225  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Port/Stream                                                        S-12  
      Vessel Contents Transfered Out                                 100.0000  % 
      Operation Name and Type: Clean (In-Place-Cleaning) 
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      Operation has been initialized by user                                   
      Cleaning Step #1                                                         
      Cleaning Agent Name                                                Wate  
      Supply Temperature                                             25.00000  °C 
      Volume Flowrate per Circumference                              35.00000  L/min-m 
      Operation Name and Type: Sterilize (In-Place-Steaming) 
      Operation has been initialized by user                                   
      Flowrate Per Volume Contribution: Set Agent Flowrate Per Volume 0.00000  g/L 
      Total Agent Rate                                               174.8755  kg/h 
      Total Agent Amount                                             87.43776  kg 
 
 
      Procedure: 16 
      Description: Seed Cell Culture 
 
      Operation Name and Type: Load Media (Transfer In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 2 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                              201060.0740  kg/h 
      Volumetric Flow Rate                                        200000.0000  L/h 
      Working to Vessel Volume Ratio                                  0.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Cool Media (Batch Cooling) 
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      Operation has been initialized by user                                   
      Final Temperature                                              32.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 67.16365  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Load Inoc. (Transfer In) 
      Operation has been initialized by user                                   
      Material will be transfered in via the # 3 input port                    
      The source procedure has not been specified                              
      Mass Flow Rate                                               30364.3601  kg/h 
      Volumetric Flow Rate                                         30000.0000  L/h 
      Working to Vessel Volume Ratio                                 67.08583  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Fermentation (Batch Stoich. Fermentation) 
      Operation has been initialized by user                                   
      Residence Time                                                  4.00000  h 
      Min Working to Total Volume                                     0.00000  % 
      Max Working to Total Volume                                    75.00000  % 
 
      Final Temperature                                              32.00000  °C 
      Final Pressure                                                  1.01325  bar 
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      Thermal Mode                                                    0.00000  % 
      Exit Temperature                                               32.00000  °C 
      Setup Time                                                     15.00000  min 
      Reaction Time                                                   5.92000  h 
      Fed-Batch:                                                        FALSE  
      EMISSION DATA                                                            
      Component Name                                                Emissions  Set? 
      Carb. Dioxide                                                  98.30499  No 
      Nitrogen                                                       98.30499  No 
      Oxygen                                                         98.30499  No 
      Gaseous Port / Stream                                              S-13  
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      Condenser Temperature                                          20.00000  °C 
      Aeration is Applied                                                      
      Aeration Rate is Set by User                                             
      Aeration Rate                                                   0.06000  VVM 
      Port/Stream                                                           6  S-129 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Component Name                                           Prod. ExtraCel (%). 
      Amm. Sulfate                                                   100.0000 0 
      Biomass                                                        100.0000 0 
      Ca Chlor. Hydr                                                 100.0000 0 
      Carb. Dioxide                                                  100.0000 0 
      Ferrous Sulfate                                                100.0000 0 
 
      Gluconic Acid                                                  100.0000 0 
      Glucose                                                        100.0000 0 
      K Phosphate                                                    100.0000 0 
      KCl                                                            100.0000 0 
      Magne Sulfate                                                  100.0000 0 
      Mang. Sulfate                                                  100.0000 0 
      Nitrogen                                                       100.0000 0 
      Oxygen                                                         100.0000 0 
      Water                                                          100.0000 0 
      Yeast                                                          100.0000 0 
      Operation Name and Type: Cool batch (Batch Cooling) 
      Operation has been initialized by user                                   
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      Final Temperature                                              20.00000  °C 
      Setup Time                                                      5.00000  min 
      Cooling Rate                                                    0.50000  °C/min 
      Efficiency                                                     90.00000  % 
      Working to Vessel Volume Ratio                                 75.00000  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Operation Name and Type: Hold for media cooling (Holding) 
      Operation has been initialized by user                                   
      Operation Name and Type: Drain batch (Transfer Out) 
 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 6 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                               30364.4004  kg/h 
      Volumetric Flow Rate                                         30000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.65225  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    75.00000  % 
      Port/Stream                                                        S-13  
      Vessel Contents Transfered Out                                 100.0000  % 
      Operation Name and Type: Clean (In-Place-Cleaning) 
      Operation has been initialized by user                                   
      Cleaning Step #1                                                         
      Cleaning Agent Name                                                Wate  
      Supply Temperature                                             25.00000  °C 
      Volume Flowrate per Circumference                              35.00000  L/min-m 
      Operation Name and Type: Sterilize (In-Place-Steaming) 
      Operation has been initialized by user                                   
      Flowrate Per Volume Contribution: Set Agent Flowrate Per Volume 0.00000  g/L 
      Total Agent Rate                                              1748.7567  kg/h 
      Total Agent Amount                                             874.3783  kg 
 
 
      Procedure: 6 
      Description: Heat Sterilization 
      Operation Name and Type: STERILIZE-1 (Heat Sterilization) 
      Operation has been initialized by user                                   
      Sterilization Criterion Value                                  37.00000  
      Axial Dispersion:                                                   Yes  
      Sterilization Temperature                                      140.0000  °C 
      Heating Agent:                                                    Steam  
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      Cooling Agent:                                               Cooling Wa er 
      Preheat Exit Temperature                                       110.0000  °C 
      Viscosity                                                       1.00000  cP 
      Frequency Factor                                               83.35000  1/s 
      Activation Energy                                            67700.0000  cal/gmol 
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      Procedure: 5 
      Description: Storage 
 
      Operation Name and Type: TRANSFER-OUT-1 (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 7 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                                3027.5808  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.99932  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    80.00000  % 
      Port/Stream                                                        S-11  
      Volume Transfered Out                                          11.70000  L 
 
 
      Procedure: 9 
      Description: Heat Sterilization 
      Operation Name and Type: STERILIZE-1 (Heat Sterilization) 
      Operation has been initialized by user                                   
      Sterilization Criterion Value                                  37.00000  
      Axial Dispersion:                                                   Yes  
      Sterilization Temperature                                      140.0000  °C 
      Heating Agent:                                                    Steam  
      Cooling Agent:                                               Cooling Wa er 
      Preheat Exit Temperature                                       110.0000  °C 
      Viscosity                                                       1.00000  cP 
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      Frequency Factor                                               83.35000  1/s 
      Activation Energy                                            67700.0000  cal/gmol 
 
 
      Procedure: 8 
      Description: Storage 
      Operation Name and Type: TRANSFER-OUT-1 (Transfer Out) 
 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 7 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                                3027.5808  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.99259  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    80.00000  % 
      Port/Stream                                                        S-11  
      Volume Transfered Out                                          117.0000  L 
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      Procedure: 12 
      Description: Heat Sterilization 
 
      Operation Name and Type: STERILIZE-1 (Heat Sterilization) 
      Operation has been initialized by user                                   
      Sterilization Criterion Value                                  37.00000  
      Axial Dispersion:                                                   Yes  
      Sterilization Temperature                                      140.0000  °C 
      Heating Agent:                                                    Steam  
      Cooling Agent:                                               Cooling Wa er 
      Preheat Exit Temperature                                       110.0000  °C 
      Viscosity                                                       1.00000  cP 
      Frequency Factor                                               83.35000  1/s 
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      Activation Energy                                            67700.0000  cal/gmol 
 
 
      Procedure: 11 
      Description: Storage 
      Operation Name and Type: TRANSFER-OUT-1 (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 7 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                                3027.5808  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.92531  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    80.00000  % 
      Port/Stream                                                        S-12  
      Volume Transfered Out                                         1170.0000  L 
 
 
      Procedure: 15 
      Description: Heat Sterilization 
      Operation Name and Type: STERILIZE-1 (Heat Sterilization) 
 
      Operation has been initialized by user                                   
      Sterilization Criterion Value                                  37.00000  
      Axial Dispersion:                                                   Yes  
      Sterilization Temperature                                      140.0000  °C 
      Heating Agent:                                                    Steam  
      Cooling Agent:                                               Cooling Wa er 
      Preheat Exit Temperature                                       110.0000  °C 
      Viscosity                                                       1.00000  cP 
      Frequency Factor                                               83.35000  1/s 
      Activation Energy                                            67700.0000  cal/gmol 
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      Procedure: 14 
      Description: Storage 
 
      Operation Name and Type: TRANSFER-OUT-1 (Transfer Out) 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 7 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                                3027.5808  kg/h 
      Volumetric Flow Rate                                          3000.0000  L/h 
      Working to Vessel Volume Ratio                                 74.25245  % 
      Min Working To Total Volume                                     0.00000  % 
      Max Working To Total Volume                                    80.00000  % 
      Port/Stream                                                        S-12  
      Volume Transfered Out                                        11700.0000  L 
 
 
      Procedure: 18 
      Description: Heat Sterilization 
      Operation Name and Type: STERILIZE-1 (Heat Sterilization) 
      Operation has been initialized by user                                   
      Sterilization Criterion Value                                  37.00000  
      Axial Dispersion:                                                   Yes  
      Sterilization Temperature                                      140.0000  °C 
      Heating Agent:                                                    Steam  
      Cooling Agent:                                               Cooling Wa er 
      Preheat Exit Temperature                                       110.0000  °C 
      Viscosity                                                       1.00000  cP 
      Frequency Factor                                               83.35000  1/s 
      Activation Energy                                            67700.0000  cal/gmol 
 
 
      Procedure: 17 
      Description: Storage 
      Operation Name and Type: TRANSFER-OUT-1 (Transfer Out) 
 
      Operation has been initialized by user                                   
      Material will be transfered out via the # 7 output port                  
      The destination procedure has not been specified                         
      Mass Flow Rate                                               30275.8082  kg/h 
      Volumetric Flow Rate                                         30000.0000  L/h 
      Working to Vessel Volume Ratio                                 67.52391  % 
      Min Working To Total Volume                                     0.00000  % 
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      Max Working To Total Volume                                    80.00000  % 
      Port/Stream                                                        S-13  
      Volume Transfered Out                                       117000.0000  L 
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      Procedure: 20 
      Description: Microfiltration 
 
      Operation Name and Type: CONCENTRATE-1 (Feed & Bleed Concentration) 
      Operation has been initialized by user                                   
      Active Product:                                                   (none  
      Denatured Product:                                                (none  
      Denaturation Fraction                                           5.00000  % 
      Max Solids in Retention                                        600.0000  g/L 
      Component Rejection Data                                                 
      Amm. Sulfate                                                    1.00000  % 
      Biomass                                                         1.00000  % 
      Ca Chlor. Hydr                                                  1.00000  % 
      Carb. Dioxide                                                   1.00000  % 
      Ferrous Sulfate                                                 1.00000  % 
      Gluconic Acid                                                   0.00000  % 
      Glucose                                                         0.00000  % 
      K Phosphate                                                     1.00000  % 
      KCl                                                             1.00000  % 
      Magne Sulfate                                                   1.00000  % 
      Mang. Sulfate                                                   1.00000  % 
      Nitrogen                                                        1.00000  % 
      Oxygen                                                          1.00000  % 
      Water                                                           0.00000  % 
      Yeast                                                           1.00000  % 
      Setup Time                                                      0.00000  min 
      Filtration Time                                                240.0000  min 
      Average Filtrate Flux                                          20.00000  L/m2-h 
      Filtrate Recovery                                              95.00000  % 
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      The Exit Temperature is calculated                                       
 
 
      Procedure: 21 
      Description: Heat Sterilization 
      Operation Name and Type: STERILIZE-1 (Heat Sterilization) 
      Operation has been initialized by user                                   
      Sterilization Criterion Value                                  37.00000  
      Axial Dispersion:                                                   Yes  
      Sterilization Temperature                                      140.0000  °C 
      Heating Agent:                                                    Steam  
      Cooling Agent:                                               Cooling Wa er 
      Preheat Exit Temperature                                       110.0000  °C 
      Viscosity                                                       1.00000  cP 
      Frequency Factor                                               83.35000  1/s 
      Activation Energy                                            67700.0000  cal/gmol 
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      13. PROCESS SCHEDULING DATA 
 
      Process Mode of Operation: BATCH                           
      Annual Operating Time                              1,870.  hours 
      Number of Campaigns                                   1.0  campaign(s) per year 
      Recipe Batch Time                                    82.2  hours 
      Recipe Cycle Time Slack                               0.0  hours 
      Summary of Procedure Scheduling Information 
                                                 Cycles per 
      Procedure Name       Operating Mode        Batch         Container Equipment 
 
      1                    Batch/Semi-Cont       1             SFR-101 
      4                    Batch/Semi-Cont       1             SBR-101 
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      19                   Batch/Semi-Cont       1             BR-107 
      3                    Batch/Semi-Cont       1             ST-101 
      2                    Batch/Semi-Cont       1             V-101 
      7                    Batch/Semi-Cont       1             SBR-102 
      10                   Batch/Semi-Cont       1             SBR-103 
      13                   Batch/Semi-Cont       1             SBR-104 
      16                   Batch/Semi-Cont       1             SBR-106 
      6                    Batch/Semi-Cont       1             ST-101 
      5                    Batch/Semi-Cont       1             V-101 
      9                    Batch/Semi-Cont       1             ST-101 
      8                    Batch/Semi-Cont       1             V-101 
      12                   Batch/Semi-Cont       1             ST-101 
      11                   Batch/Semi-Cont       1             V-101 
      15                   Batch/Semi-Cont       1             ST-101 
      14                   Batch/Semi-Cont       1             V-101 
      18                   Batch/Semi-Cont       1             ST-101 
      17                   Batch/Semi-Cont       1             V-101 
      20                   Batch/Semi-Cont       1             MF-101 
      21                   Batch/Semi-Cont       1             ST-102 
      Abbreviations Used in Detailed Scheduling Information per Procedure 
      Abbreviation         Description 
      PTSet                Process Time Set by User 
      ST                   Setup Time 
      PT                   Process Time 
      TT                   Turnaround Time 
      SST                  Shift Start Time 
      Abs/Rel              Absolute or Relative Start 
      STRef                Start Time Reference Operation 
      AST                  Absolute Start Time 
      AET                  Absolute End Time 
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      PROCEDURE: 1 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      Charge media       Yes    2.00  0.10   0.00    0.00   Abs            n/a   0.00   2.10 
      Charge inoculum    Yes    0.00  0.05   0.00    0.00    Rel    Charge media 2.10   2.15 
      HEAT-1             Yes    0.00  0.20   0.00    0.00    Rel  Charge inoculum2.15   2.35 
      FERMENT-1          Yes    0.00 20.00   0.00    0.00    Rel        HEAT-1   2.35  22.35 
      TRANSFER-OUT-1     Yes    0.00  0.15   0.00    0.00    Rel     FERMENT-1  
22.35  22.50 
      PROCEDURE: 4 
 
      Operation       PTSet?  ST 
(hr)P0.08r)T0.00rSST0.00Abs/Rel         STRefAS22.13)A22.22r) 
      Load Media SRB 1   Yes    0.00  0.20   0.00    0.00    Rel      Cool Media22.22  22.50 
      Cool Media         No     0.08                         Rel      Load Inoc. 
      Load Inoc.         Yes    0.00  0.08   0.00    0.00    RelTRANSFER-OUT-1  
22.50  22.58 
      Heat               No     0.00  0.36   0.00    0.00    Rel      Load Inoc.22.58  22.94 
      Fermentation       Yes    0.25  5.92   0.00    0.00    Rel          Heat  22.94  29.11 
      Cool               Yes    0.08  0.25   0.00    0.00    Rel    Fermentation29.11  29.45 
      coolingr media     No     0.08  0.10   0.00    0.00    Rel          Cool  29.45  29.63 
                                                                   Hold for media 
      Drain batch        Yes    0.17  0.25   0.00    0.00    Rel        cooling 29.63  30.05 
      Clean              No     0.00  0.50   0.00    0.00    Rel      Drain batch0.05  30.55 
      Sterilize          Yes    0.00  0.50   0.00    0.00    Rel         Clean  30.55  31.05 
      PROCEDURE: 19 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      Load Media         No     0.25  3.92   0.00    0.00    Rel      Cool Media55.39  59.56 
      Cool Media         No     0.08  0.50   0.00    0.00    Rel      Load Inoc.59.56  60.14 
      Load Inoc.         No     0.00  0.44   0.00    0.08    Rel      Drain batch0.14  60.58 
      Heat batch         No     0.08  0.20   0.00    0.00    Rel      Load Inoc.60.58  60.86 
      Fermentation       Yes    0.00  8.49   0.00    0.00    Rel      Heat batch60.86  69.35 
      Cool batch         No     0.08  0.20   0.00    0.00    Rel    Fermentation69.35  69.63 
      Drain batch        No     0.25  4.35   0.00    0.00    Rel      Cool batch69.63  74.24 
      PROCEDURE: 3 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      STERILIZE-1        Yes    0.00  4.00   0.00    0.00    Rel Load Media SRB 
18.13  22.13 
      PROCEDURE: 2 
 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      CHARGE-1           No     0.25  0.13   0.00    0.00    Rel      AGITATE-1 12.67  13.05 
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      AGITATE-1          Yes    0.00  5.00   0.00    0.00    RelTRANSFER-OUT-1  
13.05  18.05 
      TRANSFER-OUT-1     Yes    0.00  0.08   0.00    0.00    Rel    STERILIZE-1 
18.05  18.13 
      PROCEDURE: 7 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      Load Media         No     0.25  0.06   0.00    0.00    Rel      Cool Media29.14  29.45 
      Cool Media         No     0.08  0.10   0.00    0.00    Rel      Load Inoc.29.45  29.63 
      Load Inoc.         Yes    0.00  0.25   0.00    0.00    Rel      Drain batch9.63  29.88 
      Fermentation       Yes    0.25  5.92   0.00    0.00    Rel      Load Inoc.29.88  36.05 
      Cool batch         No     0.08  0.40   0.00    0.00    Rel    Fermentation36.05  36.53 
      Hold for media     No     0.08  0.10   0.00    0.00    Rel      Cool batch36.53  36.72 
      cooling                                                      Hold for media 
      Drain batch        No     0.25  0.00   0.00    0.00    Rel        cooling 36.72  36.97 
      Clean              No     0.00  0.50   0.00    0.00    Rel      Drain batch6.97  37.47 
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      Sterilize          Yes    0.00  0.50   0.00    0.00    Rel         Clean  37.47  37.97 
      PROCEDURE: 10 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      Load Media         No     0.25  0.06   0.00    0.00    Rel      Cool Media36.48  36.79 
      Cool Media         No     0.08  0.10   0.00    0.00    Rel      Load Inoc.36.79  36.97 
      Load Inoc.         No     0.25  0.00   0.00    0.00    Rel      Drain batch6.97  37.22 
      Fermentation       Yes    0.25  5.92   0.00    0.00    Rel      Load Inoc.37.22  43.39 
      Cool batch         No     0.08  0.40   0.00    0.00    Rel    Fermentation43.39  43.88 
      Hold for media 
      cooling            Yes    0.00  0.25   0.00    0.00    Rel      Cool batch43.88  44.13 
                                                                   Hold for media 
      Drain batch        No     0.25  0.04   0.00    0.00    Rel        cooling 44.13  44.42 
      Clean              No     0.00  0.50   0.00    0.00    Rel      Drain batch4.42  44.92 
      Sterilize          Yes    0.00  0.50   0.00    0.00    Rel         Clean  44.92  45.42 
      PROCEDURE: 13 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      Load Media         No     0.25  0.06   0.00    0.00    Rel      Cool Media43.93  44.24 
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      Cool Media         No     0.08  0.10   0.00    0.00    Rel       Load Inoc44.24  44.42 
      Load Inoc          No     0.25  0.04   0.00    0.00    Rel      Drain batch4.42  44.71 
      Fermentation       Yes    0.25  5.92   0.00    0.00    Rel       Load Inoc44.71  50.88 
      Cool batch         No     0.08  0.40   0.00    0.00    Rel    Fermentation50.88  51.37 
      Hold for media                  0.10   0.00    0.00                       51.37  51.55 
      cooling            No     0.08                         Rel      Cool batch 
      Drain batch        No     0.25  0.04   0.00    0.00    Rel   Hold for medi51.55  51.84 
                                                                        cooling 
      Clean              No     0.00  0.50   0.00    0.00    Rel      Drain batch1.84  52.34 
      Sterilize          Yes    0.00  0.50   0.00    0.00    Rel         Clean  52.34  52.84 
      PROCEDURE: 16 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      Load Media         No     0.25  0.06   0.00    0.00    Rel      Cool Media51.35  51.66 
      Cool Media         No     0.08  0.10   0.00    0.00    Rel      Load Inoc.51.66  51.84 
      Load Inoc.         No     0.25  0.04   0.00    0.00    Rel      Drain batch1.84  52.14 
      Fermentation       Yes    0.25  5.92   0.00    0.00    Rel      Load Inoc.52.14  58.31 
      Cool batch         No     0.08  0.40   0.00    0.00    Rel    Fermentation58.31  58.79 
      Hold for media     No     0.08  0.50   0.00    0.00    Rel      Cool batch58.79  59.37 
      cooling 
      Drain batch        No     0.25  0.44   0.00    0.00    Rel   Hold coolingi59.37  60.06 
      Clean              No     0.00  0.50   0.00    0.00    Rel      Drain batch0.06  60.56 
      Sterilize          Yes    0.00  0.50   0.00    0.00    Rel         Clean  60.56  61.06 
      PROCEDURE: 6 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
                                      4.00   0.00    0.00                       25.14  29.14 
      PROCEDURE: 5       Yes    0.00                         Rel     Load Media 
 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      TRANSFER-OUT-1     No     0.25  0.00   0.00    0.00    Rel    STERILIZE-1 
24.88  25.14 
      PROCEDURE: 9 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      STERILIZE-1        Yes    0.00  4.00   0.00    0.00    Rel     Load Media 32.48  36.48 
      PROCEDURE: 8 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
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      TRANSFER-OUT-1     No     0.00  0.02   0.00    0.00    Rel    STERILIZE-1 
32.46  32.48 
      PROCEDURE: 12 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      STERILIZE-1        Yes    0.00  4.00   0.00    0.00    Rel     Load Media 39.93  43.93 
      PROCEDURE: 11 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
                                      0.20   0.00    0.00                       39.48  39.93 
      PROCEDURE: 151     No     0.25                         Rel    STERILIZE-1 
 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      STERILIZE-1        Yes    0.00  4.00   0.00    0.00    Rel     Load Media 47.35  51.35 
      PROCEDURE: 14 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      TRANSFER-OUT-1     No     0.00  1.95   0.00    0.00    Rel    STERILIZE-1 
45.40  47.35 
      PROCEDURE: 18 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      STERILIZE-1        Yes    0.00  4.00   0.00    0.00    Rel     Load Media 51.39  55.39 
      PROCEDURE: 17 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      TRANSFER-OUT-1     No     0.00  1.95   0.00    0.00    Rel    STERILIZE-1 
49.44  51.39 
      PROCEDURE: 20 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      CONCENTRATE-1      Yes    0.00  4.00   0.00    0.00    Rel      Drain 
batch4.24  78.24 
      PROCEDURE: 21 
      Operation       PTSet?  ST (hr)PT (hr)TT (hrSST (hrAbs/Rel         STRefAST (hr)AET 
(hr) 
      STERILIZE-1        Yes    0.00  4.00   0.00    0.00    Rel CONCENTRATE-1  
78.24  82.24 
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      14. OTHER EQUIPMENT PARAMETERS 
 
      SFR-101 
      Equipment size 
      was calculated 
      Number of Standby 
      Units         0 
      Number of 
      Staggered Units 
      Installation F1.500000 
      Maintenance 
      Factor        0.100000 
      Cost Allocation 
      Factor        1.000000 
 183 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of 
      Construction                CS 
      Purchase Cost 
      (system model 0.000000      $/unit 
      Shake Flask Rack) 
      Unit Cost of 
      Consumable: 201.800000      $/item 
      mL Shake Flask 
      Disposal Cost of 
      Consumable: 200.000000      $/item 
      mL Shake Flask 
      Equipment Heat0.000000      cal/°C 
      Capacity 
      SBR-101 
      Equipment size 
      was calculated 
      Number of Stan0by 
      Units 
      Number of     0 
      Staggered Units 
      Installation F0.300000 
      Maintenance   0.100000 
      Factor 
      Cost Allocatio1.000000 
      Factor 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of                 SS316 
      Construction 
      Purchase Cost 
      Seed Bioreactor)6000.000000 $/unit 
 
      Max Volume    10000.000000  L 
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      Min 
      Working/Vessel0.000000      % 
      Volume 
      Max 
      Working/Vessel90.000000     % 
      Volume 
      Design Pressur1.519500      bar 
      Vessel is 
      constructed 
      according to ASME 
      standards 
      BR-107 
      Equipment size 
      was calculated 
      Number of Stan0by 
      Units 
      Number of     0 
      Staggered Units 
      Installation F0.300000 
      Maintenance   0.100000 
      Factor 
      Cost Allocatio1.000000 
      Factor 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of                 SS316 
      Construction 
      Purchase Cost 
      (system model 7127000.000000$/unit 
      Bioreactor) 
      Max Volume    500000.000000 L 
      Min 
      Working/Vessel0.000000      % 
      Volume 
      Max 
      Volumeg/Vessel90.000000     % 
 
      Design Pressur1.519500      bar 
      constructed 
      according to ASME 
      standards 
      ST-101 
 
      was calculated 
      Number of Standby 
      Units         0 
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      Number of 
      Staggered Units 
      Installation F0.500000 
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      Maintenance 
      Factor        0.100000 
      Cost Allocation 
      Factor        1.000000 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of 
      Construction                SS316 
      Purchase Cost 
      (system model 689000.000000 $/unit 
      Heat Sterilizer) 
      Max Throughput99999.999992  L/h 
      V-101 
      Equipment size 
      was calculated 
      Number of Standby 
      Units         0 
      Number of 
      Staggered Units 
      Installation F0.300000 
      Maintenance 
      Factor        0.100000 
      Cost Allocatio1.000000 
      Factor 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of                 SS316 
      Construction 
      Purchase Cost 
      (system model 262000.000000 $/unit 
      Receiver Tank) 
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      Max Volume    100000.000000 L 
      Min 
      Working/Vessel0.000000      % 
      Volume 
      Max 
      Working/Vessel90.000000     % 
      Volume 
      Design Pressur1.519500      bar 
      Vessel is 
      according to ASME 
      standards 
      SBR-102 
 
      Equipment size 
      was calculated 
      Number of Stan0by 
      Units 
      Staggered Units 
 
      Installation F0.300000 
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      Maintenance 
      Factor        0.100000 
      Cost Allocation 
      Factor        1.000000 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of 
      Construction                SS316 
      Purchase Cost 
      (system model 126000.000000 $/unit 
      Seed Bioreactor) 
      Max Volume    100.000000    L 
      Min 
      Working/Vessel0.000000      % 
      Volume 
      Max 
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      Working/Vessel90.000000     % 
      Volume 
      Design Pressur1.519500      bar 
      Vessel is 
      constructed 
      according to ASME 
      standards 
      SBR-103 
      Equipment size 
      was calculated 
      Number of Stan0by 
      Units 
      Number of     0 
      Staggered Units 
      Installation F0.300000 
      Maintenance   0.100000 
      Factor 
      Cost Allocatio1.000000 
      Factor 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of                 SS316 
      Construction 
      Purchase Cost 
      Seed Bioreactor)8000.000000 $/unit 
      Max Volume    500.000000    L 
      Min 
      Working/Vessel0.000000      % 
      Volume 
      Max 
      Working/Vessel90.000000     % 
      Volume 
      Design Pressur1.519500      bar 
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      Vessel is 
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      constructed 
      according to ASME 
      standards 
      SBR-104 
      Equipment size 
      was calculated 
      Number of Standby 
      Units         0 
      Number of 
      Staggered Units 
      Installation F0.300000 
      Maintenance 
      Factor        0.100000 
      Cost Allocation 
      Factor        1.000000 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of                 SS316 
      Construction 
      Purchase Cost 
      (system model 1225000.000000$/unit 
      Seed Bioreactor) 
      Max Volume    5000.000000   L 
      Min 
      Working/Vessel0.000000      % 
      Volume 
      Max 
      Working/Vessel90.000000     % 
      Volume 
      Design Pressur1.519500      bar 
      Vessel is 
      constructed 
      standards to ASME 
 
      SBR-106 
      Equipment size 
      was calculated 
      Number of Stan0by 
      Units 
      Number of     0 
      Staggered Units 
      Installation F0.300000 
      Maintenance   0.100000 
      Factor 
      Factorllocatio1.000000 
      Usage Rate    100.000000    $/equipment-h 
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      Availability R100.000000    $/h 
      Construction                SS316 
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      Purchase Cost 
      (system model 1885000.000000$/unit 
      Seed Bioreactor) 
      Max Volume    50000.000000  L 
      Min 
      Working/Vessel0.000000      % 
      Volume 
      Max 
      Working/Vessel90.000000     % 
      Volume 
      Design Pressur1.519500      bar 
      Vessel is 
      constructed 
      according to ASME 
      standards 
      MF-101 
      Equipment size 
      was calculated 
      Number of Stan0by 
      Units 
      Number of     0 
      Staggered Units 
      Installation F0.500000 
      Maintenance   0.100000 
      Factor 
      Cost Allocatio1.000000 
      Factor 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of                 SS316 
      Construction 
      Purchase Cost 
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      (system model 798000.000000 $/unit 
      Microfilter) 
      Unit Cost of 
      Membranele: Df400.000000    $/m2 
 
      Consumable: Df0.000000      $/m2 
      Membrane 
      Max Membrane 
      Area          2700.000000   m2 
      ST-102 
 
      was calculated 
      Number of Standby 
      Units         0 
      Number of 
      Staggered Units 
      Installation F0.500000 
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      Maintenance 
      Factor        0.100000 
      Cost Allocation 
      Factor        1.000000 
      Usage Rate    100.000000    $/equipment-h 
      Availability R100.000000    $/h 
      Material of 
      Construction                SS316 
      Purchase Cost 
      (system model 702000.000000 $/unit 
      Heat Sterilizer) 
      Max Throughput99999.999992  L/h 
 
 
      15. LABOR PARAMETERS 
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      Procedure     Operation                    Labor Type    Labor Factor 
      1             Charge media                 Operator      0.20 labor-hrs/hr 
      1             Charge inoculum              Operator      1.00 labor-hrs/hr 
      1             HEAT-1                       Operator      1.00 labor-hrs/hr 
      1             FERMENT-1                    Operator      1.00 labor-hrs/hr 
      1             TRANSFER-OUT-1               Operator      1.00 labor-hrs/hr 
      4             Load Media SRB 1             Operator      1.00 labor-hrs/hr 
      4             Cool Media                   Operator      1.00 labor-hrs/hr 
      4             Load Inoc.                   Operator      1.00 labor-hrs/hr 
      4             Heat                         Operator      1.00 labor-hrs/hr 
      4             Fermentation                 Operator      1.00 labor-hrs/hr 
      4             Cool                         Operator      1.00 labor-hrs/hr 
      4             Hold for media cooling       Operator      1.00 labor-hrs/hr 
      4             Drain batch                  Operator      1.00 labor-hrs/hr 
      4             Clean                        Operator      1.00 labor-hrs/hr 
      4             Sterilize                    Operator      1.00 labor-hrs/hr 
      19            Load Media                   Operator      1.00 labor-hrs/hr 
      19            Cool Media                   Operator      1.00 labor-hrs/hr 
      19            Load Inoc.                   Operator      4.00 labor-hrs/hr 
      19            Heat batch                   Operator      4.00 labor-hrs/hr 
      19            Fermentation                 Operator      1.00 labor-hrs/hr 
      19            Cool batch                   Operator      1.00 labor-hrs/hr 
      19            Drain batch                  Operator      2.00 labor-hrs/hr 
      3             STERILIZE-1                  Operator      0.50 labor-hrs/hr 
      2             CHARGE-1                     Operator      2.00 labor-hrs/hr 
      2             AGITATE-1                    Operator      0.20 labor-hrs/hr 
      2             TRANSFER-OUT-1               Operator      4.00 labor-hrs/hr 
      7             Load Media                   Operator      2.00 labor-hrs/hr 
      7             Cool Media                   Operator      2.00 labor-hrs/hr 
      7             Load Inoc.                   Operator      2.00 labor-hrs/hr 
      7             Fermentation                 Operator      2.00 labor-hrs/hr 
      7             Cool batch                   Operator      2.00 labor-hrs/hr 
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      7             Hold for media cooling       Operator      1.00 labor-hrs/hr 
      7             Drain batch                  Operator      2.00 labor-hrs/hr 
      7             Clean                        Operator      2.00 labor-hrs/hr 
 192 
      7             Sterilize                    Operator      2.00 labor-hrs/hr 
      10            Load Media                   Operator      1.00 labor-hrs/hr 
      10            Cool Media                   Operator      3.00 labor-hrs/hr 
      10            Load Inoc.                   Operator      3.00 labor-hrs/hr 
      10            Fermentation                 Operator      3.00 labor-hrs/hr 
      10            Cool batch                   Operator      3.00 labor-hrs/hr 
      10            Hold for media cooling       Operator      1.00 labor-hrs/hr 
      10            Drain batch                  Operator      3.00 labor-hrs/hr 
      10            Clean                        Operator      3.00 labor-hrs/hr 
      10            Sterilize                    Operator      3.00 labor-hrs/hr 
      13            Load Media                   Operator      4.00 labor-hrs/hr 
      13            Cool Media                   Operator      3.00 labor-hrs/hr 
      13            Load Inoc                    Operator      3.00 labor-hrs/hr 
      13            Fermentation                 Operator      3.00 labor-hrs/hr 
      13            Cool batch                   Operator      3.00 labor-hrs/hr 
      13            Hold for media cooling       Operator      1.00 labor-hrs/hr 
      13            Drain batch                  Operator      4.00 labor-hrs/hr 
      13            Clean                        Operator      4.00 labor-hrs/hr 
      13            Sterilize                    Operator      4.00 labor-hrs/hr 
      16            Load Media                   Operator      4.00 labor-hrs/hr 
      16            Cool Media                   Operator      4.00 labor-hrs/hr 
      16            Load Inoc.                   Operator      1.00 labor-hrs/hr 
      16            Fermentation                 Operator      4.00 labor-hrs/hr 
      16            Cool batch                   Operator      4.00 labor-hrs/hr 
      16            Hold for media cooling       Operator      1.00 labor-hrs/hr 
      16            Drain batch                  Operator      4.00 labor-hrs/hr 
      16            Clean                        Operator      2.00 labor-hrs/hr 
      16            Sterilize                    Operator      2.00 labor-hrs/hr 
      6             STERILIZE-1                  Operator      0.50 labor-hrs/hr 
      5             TRANSFER-OUT-1               Operator      4.00 labor-hrs/hr 
      9             STERILIZE-1                  Operator      0.50 labor-hrs/hr 
      8             TRANSFER-OUT-1               Operator      4.00 labor-hrs/hr 
      12            STERILIZE-1                  Operator      0.50 labor-hrs/hr 
      11            TRANSFER-OUT-1               Operator      4.00 labor-hrs/hr 
      15            STERILIZE-1                  Operator      0.50 labor-hrs/hr 
 
      14            TRANSFER-OUT-1               Operator      4.00 labor-hrs/hr 
      18            STERILIZE-1                  Operator      0.50 labor-hrs/hr 
      17            TRANSFER-OUT-1               Operator      4.00 labor-hrs/hr 
      20            CONCENTRATE-1                Operator      1.00 labor-hrs/hr 
      21            STERILIZE-1                  Operator      0.50 labor-hrs/hr 
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      16. MULTIPLIERS FOR FIXED CAPITAL COST ESTIMATION 
 
                                                                          0.50 
      Multiplier                     Main Section      Operator    labor-hrs/hr 
      DFC is Set?                              No       Operator 0.50 labor-hrs/hr 
      Piping                                 0.35           0.00          0.50 
      Instrumentation                        0.40           0.00          0.50 
      Insulation                             0.03           0.00          0.50 
      Electricals                            0.10           0.00          0.50 
      Buildings                              0.45           0.00          0.50 
      Yard Improvement                       0.15           0.00          0.50 
      Auxiliary                              0.40           0.00          0.50 
      Engineering                            0.25           0.00          0.50 
      Construction                           0.35           0.00          0.50 
      Contractor                             0.05           0.00          0.50 
      Contingency                            0.10           0.00          0.50 
 
 
      17. MAIN REVENUE AND OTHER REVENUE DATA 
 
      Main Revenue: Undefined 
      Number of Other Revenue Streams: 0 
      Revenue Stream Name                   Price    Set by User 
 
 
      18. RAW MATERIALS 
 
                                       Purchasing 
      Input Stream Name                     Price    Set by User 
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      S-102                              0.000 $/kg         NO 
      S-134                              0.000 $/kg         NO 
      S-114                              0.000 $/kg         NO 
      S-119                              0.000 $/kg         NO 
      S-124                              0.000 $/kg         NO 
      S-129                              0.000 $/kg         NO 
      S-106                             10.751 $/kg         NO 
      S-101                             10.897 $/kg         NO 
      S-103                              0.000 $/kg         NO 
      S-109                              0.000 $/kg         NO 
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      19. WASTE TREATMENT/DISPOSAL COSTS 
 
      Solid Waste 
                                       Treatment / 
      Waste Stream Name              Disposal Cost   Set by User 
 
 
      Organic Waste 
 
      Waste Stream Name                Treatment /   Set by User 
                                     Disposal Cost 
 
 
      Aqueous Waste 
      Waste Stream Name                Treatment /   Set by User 
                                     Disposal Cost 
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      Emissions 
                                       Treatment / 
      Waste Stream Name              Disposal Cost   Set by User 
 
      S-110                              0.000 $/kg         NO 
      S-104                              0.000 $/kg         NO 
      S-115                              0.000 $/kg         NO 
      S-120                              0.000 $/kg         NO 
      S-125                              0.000 $/kg         NO 
      S-130                              0.000 $/kg         NO 
      S-135                              0.000 $/kg         NO 
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B. Vendors Collection of Data 
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C. Materials Safety Data Sheets 
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